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Nurse scheduling is a complex problem. The act of assigning each nurse to a specific 
shift for each day of a scheduling horizon, while ensuring to fulfill the demand of the operating 
rooms (ORs) is very time consuming. Current methods used in practice often develop solutions 
that are suboptimal, resulting in low nurse utilization, low nurse satisfaction, patient delays, or 
overtime pay for nurses. In this paper we propose an approach that utilizes simulation, 
simulation-based optimization, and mathematical programming as tools for solving complex 
nurse scheduling problems. We discuss how the simulation-based optimization generates 
multiple alternative shift plans, defined as the number of nurses required to work each shift. The 
simulation, which replicates the processes within an OR wing of a hospital, uses each shift plan 
for an extended period of time with variable patient arrival and surgery time. The results of each 
run of the simulation provide performance metrics of cost and patient lateness to the simulation-
based optimization model, a way to compare the alternative shift plans. Next, an assignment 
model developed using mathematical programming uses a chosen shift plan as an input and aim 
to assign each specific nurse to the shifts described by that plan. The objective of this model is to 
maximize the percentage of time that nurses have the same specialty required by the surgeries 
and also maximize nurse satisfaction. Different objective functions, parameter weights, and time 
horizons are applied to the model to evaluate its ability to fit the needs of different ORs. This 
also allows for alternative shift assignments to be compared against each other, giving the 
scheduler options when developing the final schedule. The result is a scheduling tool that 
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1.  Introduction 
The problem of scheduling nurses is one that affects most healthcare systems. In this paper, 
we focus on the nurses being scheduled in an operating room (OR) area. Scheduling typically 
consists of two parts: a “shift plan” determining how many nurses are required to work each 
shift, then a “shift assignment” which assigns individual nurses to those shifts in the shift plan. In 
this paper a “schedule” is defined as the combination of these two parts: a shift plan and a shift 
assignment. With a large staff of nurses, creating a schedule that assigns desirable shifts evenly 
while at the same time taking into account nurse skill level and training, legal restrictions, and 
possibly requests from the nurses, is extremely difficult and time consuming for one person to 
accomplish (Burke, De Causmaecker, Vanden Berghe, & Van Landeghem, 2004). This is where 
a modeling approach may come in handy. 
A simulation can model the OR while accounting for the variability in the system that comes 
from patient arrival and surgery length (Shamayleh, 2010). This model may account for 
variability in the system but finding results may be time consuming and may not lead to an 
optimal solution. A simulation model adds variability and gives the user a good estimation of 
how their choices will perform in the real world. In a system of low variability, there may not be 
a need for simulation; a mathematical program could generate a solution more quickly. For 
instance, a mathematical program that can assign nurses to shifts each day, maximizing the 
overall quality of the roster while satisfying various constraints was implemented by Vanhoucke 
and Maenhout (2009). A quality roster is described as when nurses have the training required for 
the estimated demand of surgeries and that the total cost of hiring these nurses is as low as 
possible. The constraints are typically specific to each hospital and can be adjusted accordingly. 
However, this type of model may not account for variability in the system which can lead to 
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error. Although these two methods, mathematical programming and simulation, have been tested 
and implemented separately, the research that uses both modeling methods to solve the nurse 
scheduling problem in an OR seems to be lacking in terms of robustness.  
To account for the variability in patient arrival, surgery length, and the satisfaction of nurses, 
we propose a two phase approach: a “Nurse Planning” phase and a “Nurse Assignment” phase. 
In the “Nurse Planning” phase, we address the first problem of nurse scheduling: meeting the 
demand and variability in demand of the OR while minimizing cost. We develop a shift plan 
determining how many nurses should work each shift over a specified time horizon. Simulation 
is an adequate approach to solving this problem as it is moderately stochastic in nature. Using a 
simulation model, one can represent a real-world OR system, including variability, and 
appreciate more realistically how each shift plan affects the patient care and the nurses’ 
workload. If the system is modeled correctly, one can simulate the performance of the shift plan 
over an extended time period to evaluate how the system will react if the suggested changes were 
implemented. Finding the optimal number of nurses to work each specific shift to minimize cost 
subject to service level constraints will decrease the need for nurses to work overtime and 
increase the utilization of the nurses as the amount of idle time will be reduced. 
One reason it is important to develop tools to solve the nurse scheduling problem is to reduce 
the hospital’s operational costs. OR departments can account for 40% of a hospitals revenue and 
generally have high costs and low personnel utilization rates (Shamayleh, 2010). A simulation-
based optimization model can produce solutions in which cost is minimized while maintaining a 
high service level even under highly variable patient arrival rates and surgery times. Using the 
stochastic simulation model, a simulation-based optimization model can find the best shift plan 
while accounting for demand variability of patients as well as the variability in surgery length. 
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This model will produce a shift plan that meets the required service level set by the hospital 
under the variable conditions described by the simulation. The result of the simulation-based 
optimization is a solution with high nurse utilization and low cost of hiring nurses. Using this 
method, a shift plan describing how many nurses are required to work each shift over some time 
horizon can be found and used as an input to the Nurse Assignment phase. 
In the Nurse Assignment phase, the goal is to solve the second nurse scheduling problem: 
determining which specific nurses should work each shift. Mathematical programming is used to 
develop a deterministic assignment model to address the problem. The assignment model 
solution is based on matching the training of nurses to surgeries that require that training and the 
nurses’ overall shift satisfaction. Considering nurse satisfaction as an objective of the assignment 
model is important for many reasons. First, higher levels of nurse satisfaction can lead to savings 
in labor costs due to reduced nurse turnover and higher nurse retention rates (Punnakitikashem, 
Rosenberger, & Behan, 2008) . It can also help increase service level by resulting in greater 
patient safety and health care quality because of greater nurse attentiveness as a result of her shift 
satisfaction (Mobasher, 2011). The assignment model also adds to service level by maximizing 
the percentage of time that a patient has a nurse who specializes in the surgery being performed. 
This may also reduce surgery time; with a high level of training for a specific surgery type a 
nurse may be able to complete her task more quickly and without error. The assignment model 
will generate an assignment of nurses to shifts for a given length of time known as the 
scheduling period. Multiple scheduling periods in succession will be defined as the scheduling 
horizon, also known as the total length of time for which nurses will be scheduled. The 
combination of the shift plan from the Nurse Planning phase and the shift assignments for each 
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scheduling period in the scheduling horizon from the Nurse Assignment phase will result in a 
nurse schedule that benefits the hospital in terms of cost, service level, and nurse satisfaction. 
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2. Problem Statement 
There are many problems associated with nurse scheduling that this paper aims to solve. 
The first problem is the high costs associated with a poor nurse schedule. A schedule may have 
too few nurses, resulting in patient surgery delays and overtime costs, or too many nurses, 
resulting in low utilization and higher nurse cost than necessary. There is also a cost associated 
with a low service level. The service level in this paper will be measured by the difference 
between a patients scheduled start time for a surgery and his actual start time because of a lack of 
available nurses, referred to as lateness. As lateness increases, service level decreases. This has a 
negative impact on the hospital which has certain service level standards it must uphold. A 
monetary value can be given to each cumulative hour that patients are late to their surgery due to 
lack of available nurses.  
Other issues associated with nurse scheduling include the time required to generate a 
schedule, each nurse’s satisfaction with her shift, and the difficulty of accounting for nurse 
training level, legal restrictions, and other hospital constraints.  A problem this paper aims to 
solve is ensuring nurses are satisfied with their shift assignments while still matching nurses to 
shifts in which their training level will match the anticipated surgery types. To schedule a large 
staff of nurses using the common method of scheduling by hand or with basic scheduling 
software could take up to 2 weeks to find a feasible solution. This will take the scheduler, often a 
head nurse, away from her other duties in the OR (Bell, 2013). Because the scheduling process 
takes so long, it is often the case that the individual scheduling will stop once they come up with 
any schedule that simply works. Using a manual method, it is prohibitively time consuming for 
the scheduler to search for better solutions. Also, nurse satisfaction is an issue that affects patient 
care and nurse retention. If a nurse is dissatisfied with the nurse schedule she may be frustrated 
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while at work which could adversely affect patient care. Also, if her dissatisfaction is not 
addressed, she may leave the hospital requiring a replacement to be hired and trained to fill the 
missing position. A schedule that accounts for nurse satisfaction can avoid these issues and lead 
to higher patient care and nurse retention. Finally, the training level of nurses must be addressed 
when developing a nurse schedule. When a nurse is working in a surgery for which she is not 
well trained, there is a higher risk of error which could result in enormous costs to the hospital. 
However, if nurses are matched with surgeries for which they are most comfortable with, there is 
a very low chance of error and her knowledge of the surgery type may even result in a faster 
completion of the surgery.  
2.1 Description of Real System 
The simulation developed will be based on an observation of an actual OR system, 
including an interview with the head nurse Kathy Bell (2013). The surgical suite consists of a set 
of ORs that are utilized to meet the demand of the patients. The demand of patients for this 
system comes primarily from surgeries that are scheduled well in advance with only about 5% - 
10% of cases being unscheduled or emergency cases. Some ORs are designated to be used for 
specific operations such as Podiatry or Plastic surgery. This is because certain rooms have 
specialized equipment to handle the specific surgeries better than other rooms. Besides the 
specialized equipment, there is a set of standard equipment in each room, allowing for many of 
the surgeries to be assigned one of several rooms.  
The daily scheduling of patient surgeries to each OR is based upon a block schedule i.e. 
Shamayleh (2010) in which a block of time is assigned to a surgeon; this is different from the 
schedule developed for the nurses. The surgeon’s patients are assigned to a time slot in that block 
of time. These block schedules are developed for a specified planning horizon and blocks are 
7 
released for other surgeries if not filled by the assigned surgeon at a specified time prior to the 
block schedule’s start date. The surgeon is in charge of filling his block of time with his own 
patients and can perform any surgery type he desires.  
To begin a surgery, the nurse first transfers the patient into the OR to which the patient is 
scheduled. If the room is occupied, the nurse must wait until the OR vacated and cleaned before 
transferring her patient. In order to conduct the surgery, the doctor must have at least one nurse 
in the OR at all times as well as an anesthesiologist. The anesthesiologist is scheduled 
completely separate from both the block schedule and the nurse schedule. Typically, the surgeon 
prefers to have two nurses and that the nurses do not leave for the duration of the surgery, 
however in rare cases nurses may switch in the middle of a surgery. Once the surgery is 
complete, the nurse must help clean the room. For this step there are OR techs to assist the 
nurses. The techs ensure that tools are replaced and used tools are cleaned or removed from the 
OR for cleaning. The nurse may then transfer the patient out of the system, either to another 
section of the hospital or to an area where the patient is discharged. 
It is important that there are enough nurses to cover all of the surgeries described by the 
block schedule; however, the schedule to which the nurses are assigned is very different. The 
nurse schedule is defined as a number of nurses required for specific hours of each day, known 
as shifts, and a set of nurses assigned to work the required shifts for a scheduling horizon. First, 
the amount of nurses required to work each shift is estimated. This shift plan is typically the 
same for each day and doesn’t account for the variable patient arrival or variable surgery length 
of the system. Next, the shift assignment is developed two weeks prior to its implementation and 
describes the working hours of each of the nurses on staff for each day of the scheduling horizon. 
The scheduler must ensure that she has enough nurses to meet the demand and keep a high 
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service level.  A schedule created for a longer time horizon would be ideal for the nurses, 
however with the number of variables that need be considered, the current method of manual 
scheduling does not allow for this. This nurse schedule does not take into account the number of 
surgeries in the block schedule but rather anticipates the required number of nurses during each 
hour of the day based on the system’s average requirements. Scheduling manually leads to 
overcapacity or under capacity resulting in idle time for nurses or possible overtime. To prevent 
this, the OR nurse scheduler, in this case a head nurse, posts a sign-up sheet for nurses to agree to 
work what is called “designated late” shift or DL. This means that nurses agree to stay up to 4 
hours past their assigned shift, if needed, to fulfill the demand. The nurses are still paid overtime 
for the DL shift but at least they are aware that they may be required to stay the extra hours. If 
there are not nurses available then an on-call nurse must be summoned to come to the hospital to 
assist in a surgery. The on-call wage is higher than the DL wage, which is higher than scheduling 
a nurse to work the same hours but allows for patients to be treated even if the nurse schedule 
falls short and has no nurses available. Using the DL and on-call solution is not ideal for the 
hospital because it results in much higher costs than if a regular nurse could be scheduled to 
work. There are also legal restrictions which stipulate that a person may not work more than 16 
hours in a 24 hour period, breaks of at least 30 minutes must be allowed for every 6 hours of 
continuous work, and a worker cannot be scheduled for more than 40 hours in a 7 day period. 
Scheduling in this manual manner also results in nurse dissatisfaction as some nurses may feel 
that they are being given unfair shifts. This could result in a higher nurse turnover rate and lower 
level of patient care.  
Once the nurse schedule, the shift plan and shift assignment, is set and the nurses begin 
their shift, they must be assigned to patients. This is done by the head nurse at the beginning of 
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each day and throughout the day as there is a need to support emergency surgeries and requests 
from doctors. To decide which nurse will work each case, the head nurse considers the type of 
surgery and the time at which it takes place. Nurses can have a specialty, which is a type of 
surgery which they would prefer to work because they have more training and experience with 
the operations involved in the surgery. For example, if a patient is scheduled for Neurosurgery, it 
is best that a nurse who has a Neurosurgery specialty work with that patient to ensure the highest 
level of care.  
2.2 Goals and Objectives 
This thesis has three goals. The first goal is to develop a method of generating a nurse 
schedule: a shift plan and shift assignment, which fulfills three objectives. The first objective is 
to minimize the total cost of the nurse schedule. This includes the cost of hiring nurses, cost of 
nurses working overtime hours, and the cost assigned to patient lateness. Different shift plans 
should be able to be tested and compared in terms of cost to help fulfill this objective. Assigning 
cost to patient lateness will ensure that specific service level requirements are met while 
fulfilling the cost objective; as lateness decreases so will total cost. However, to reduce lateness, 
more nurses will need to be working which will increase the cost associated with hiring nurses. 
Overall, this objective must minimize lateness and nurse cost.  
The second objective is to increase nurse satisfaction. Satisfaction in this paper will be 
measured by a 0 – 1 score given to each shift by the nurses. If a nurse is assigned to a shift with a 
score of 1, she will have the maximum satisfaction possible. The shift assignment developed 
should aim to maximize average nurse satisfaction, maximize each individual nurse’s 
satisfaction, or maximize the minimum satisfaction score for each scheduling period. A hospital 
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should be able to choose how they want to calculate nurse satisfaction and the assignment model 
will aim to maximize satisfaction according to that choice.  
The final objective of the first goal is to attempt to maximize the expected percentage of 
time that a nurse works a surgery in which she has a matching specialty. This will lead to the 
highest possible level of patient care allowing for the nurses with the most training in a specific 
type of surgery to work that type as much as possible. Maximizing specialty match will result in 
fewer nurse errors and greater surgeon satisfaction, as they prefer to have a nurse with a specialty 
matching the surgery being performed. However, a nurse may be assigned to a shift with that 
maximizes her surgery match but may also have a low satisfaction score. In the assignment 
model, the trade-off between nurse satisfaction and specialty match should be accounted for to 
increase both objectives as high as possible.  
A second goal is to provide multiple alternative solutions that can be compared against 
each other. The solution should provide different sets of shift plans and compare the output of 
nurse cost and penalty cost associated with patient lateness amongst the plans. Using these costs 
the best shift plan can be selected by the scheduler. Also, the shift assignment solution should 
provide multiple alternatives so that different satisfaction objectives can be implemented and the 
output from the different objectives can be compared. This gives the scheduler more flexibility 
when assigning shifts in each scheduling period of the scheduling horizon and allows him to 
adjust the solution as needed to meet the needs of the hospital.  
The final goal of this paper is to ensure that both the shift plan and shift assignment 
models are flexible, being able to adjust to any OR. The models should be able to find a nurse 
schedule for a hospital with any number of ORs, shifts, and nurses. Also, the patient arrival and 
surgery time should be adjustable to allow for more or less variability in the scheduling models. 
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For flexibility in the shift assignment solution, the same parameters, number of ORs, shifts, and 
nurses, should be adjustable. Also, the objective function should be adjustable to give more 
weight to what is important to the OR being modeled. If nurse satisfaction is the highest priority, 
the objective function should reflect that by weighting satisfaction higher than other metrics such 
as specialty match. This flexibility will give more options to the scheduler and allow him to 




3. Literature Review 
In order to properly begin developing a solution to the problem, a review of what has 
already been done in the field of nurse scheduling is required. This review considers how 
different methods of nurse scheduling have been used. Much of the literature on the nurse 
scheduling problem can be found in two papers: “State of the Art Nurse Rostering” by Burke et 
al. (2004) and “Nurse Rostering Problems – a bibliographic survey” by Cheang et al. (2003), 
which survey the major methodologies used to solve the nurse scheduling problem. Different 
mathematical programming methodologies are discussed, including linear and integer 
programming. They describe how weights on fairness level and nurse preferences can be added 
to the model to increase nurse satisfaction. They also discuss how nurse specialty can be 
accounted for in a linear or integer programming model to ensure nurses are assigned to shifts in 
which they will be working on surgeries that they feel most comfortable with. Many different 
variations of nurse scheduling models are discussed, each adding something different and 
solving the problem in a different way. Also, similar solution methods are discussed, including 
optimization of a mathematical program described by Cheang et al. (2003). They describe how 
the typical approach is to develop a 4 to 6 week schedule that include hard constraints, confining 
the possible set of schedules, as well as soft constraints, which can take into account nurse 
satisfaction among other things. The short comings of these methods are that they do not account 
for variability well. In the nurse scheduling context, there is variability in patient arrival and 
surgery length that should be accounted for in order to generate a good nurse schedule. For this 
aspect of the problem, a simulation model is used. Current research utilizing simulation to solve 
the nurse scheduling problem is discussed in section 3.2. 
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3.1 General Nurse Scheduling 
Typically, nurses are scheduled without the use of any mathematical programs or 
simulations (Kellogg & Walczak, 2007). In this case, the head nurse, or whoever is in charge of 
scheduling, must account for all of the variables and decide how many nurses are needed and 
which nurses will work at which times. Factors affecting the schedule include arrival and service 
time variability, nurse preference, and available information and experience of the scheduler 
(Gupta & Denton, 2008). Often, the nurse has limited tools at her disposal and creates the 
schedule using basic scheduling software that only tracks the possible shifts and does not suggest 
how to create the schedule. This method of scheduling is the least expensive in terms of 
knowledge and software required to implement but often the most costly in terms of 
performance. In order to develop a proper schedule, one should consider “hard” constraints, the 
restrictions that, if not met, will render the resulting schedule incomplete or unusable. Examples 
of hard constraints are meeting the demand of patients, not exceeding the number of shift nurses 
that are employed by the hospital, as well as legal restrictions on the number of hours a nurse can 
work, and budget constraints. However, there are also “soft” constraints that are important to 
consider (Jlassi, Chabchoub, & Mhamedi, 2011). Some examples of “soft” constraints include 
requests for certain shifts, requests for vacation or sick days, and the number of times a nurse has 
had a particular undesirable shift. Incorporating the “soft” constraints is done in order to keep 
nurses happy and ensure a level of fairness so that a few nurses are not stuck working 
undesirable shifts during every scheduling period. Trying to account for both types of constraints 
without the use of mathematics is very time consuming and can lead to dissatisfied nurses. 
Another nurse scheduling approach results from self-scheduling. This method allows for 
the nurses to schedule the hours that they wish to work during the week. Although it is called 
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“self-scheduling”, there are typically some limitations that require the nurses to work a certain 
number of weekend or holiday shifts. These methods are plausible but rely heavily on the 
cooperation and understanding of the scheduling scheme by the entirety of the staff. For this 
reason, its implementation in some cases has led to limited success. In a case study done by 
Bailyn, Collins, and Yang (2007), the number of change requests did decrease, as did the amount 
of time required to set a schedule. The study also found that though the amount of time the nurse 
manager spent making month-long nursing schedules decreased with the self-scheduling method, 
her annoyance level with creating a schedule remained unchanged. Also, the benefits of the 
proposed model would only be realized if there was strict adherence to the guidelines by the 
nursing staff. The study found that many nurses began to see the schedules they chose as 
entitlement and not as a joint agreement with the staff; the nurses put their personal needs ahead 
of the needs of the hospital unit. If the guidelines of the self-scheduling model are followed, 
nurses can have more control of their time and flexibility in the shifts that they work, thus 
increasing nurse satisfaction and, according to this study, patient care in the unit. With larger 
groups of nurses, 70 in the case study, it is difficult to ensure that everyone understands the 
methodology and guidelines of self-scheduling which may contribute to the difficulty in 
implementation. Many of the successful implementations of this technique have used much 
smaller groups of nurses, thus it’s not a feasible solution for most ORs. 
3.2 Mathematical Programming 
A good example of how mathematical programming can be used to solve the nurse 
scheduling problem is provided by Bard (2010) who proposes an integer linear program that 
could give a solution for what is referred to as “Midterm scheduling” which essentially describes 
in which shifts each nurse will work to minimize the cost of meeting service demand. This model 
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looks at only 8 and 12 hour shifts to cover the estimated demand for nurses on each day and each 
period of the day. The model assumes that nurses that are assigned different shifts on consecutive 
days are unhappy and thus assigning many different shifts throughout the week is undesirable. It 
also allows for outside nurses to be called into the system at a very large cost if there is a 
shortage of nurses for any specific period of the day. This model allows flexibility in that the 
period of the day can be defined differently for each system and the shifts to be assigned can be 
changed to match the shifts available in the OR being modeled. However, in order to solve a real 
world problem and account for the complexities of OR scheduling, the model Bard (2010) 
provides must be improved upon by adding more constraints and parameters, as the current 
model presented is too simplistic to represent a real OR. Also, the variability of demand for 
nurses, which is a function of the variability in patient arrival and surgery length, is not 
accounted for in the model. 
Another model was developed to mimic the charge nurse, who assigns each patient to a 
nurse at the beginning of a shift (Punnakitikashem, Rosenberger, & Behan, 2008; 
Punnakitikashem, 2007). The model assumes that nurse assignments cannot be changed, direct 
care must be performed within a given time period, and the number of patients is fixed. Using 
these assumptions, a stochastic model for nurse assignment is developed, minimizing the 
workload penalty on nurses, that is, ensuring nurses are not over-utilized, which may lead to 
fatigue and possibly nurse burnout. To solve this model, Punnakitikashem, Rosenberger, and 
Behan (2008) propose two algorithms: Benders’ Decomposition Algorithm and Greedy 
Algorithm, each used to generate a separate solution that can be compared against the other. The 
data on which the model was tested included: a shift partitioned at eight 1 hour time periods, 
patient arrival as a Poisson process, and average length of stay of 2.725 days per patient. The 
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results describe how this model can save up to 1588 hours of excess workload on nurses per 
year. A limitation of this solution is that it only tackles one portion of the nurse scheduling 
problem; decisions made prior to the actual nurse assignment, such as how many nurses will be 
working which shifts, can have a major impact on the nurse assignment and the overall nurse 
schedule.  
Some other methods of solving the scheduling problem include an integer program that 
utilizes a branch-and-price algorithm, developed by Belien and Demeulemeester (2008). This 
model aims at accounting for some of the variability in a standard operating room system. The 
model assigns blocks of time to each OR for 5 days, with no time blocked on the weekend which 
is common practice due to different patient loads; this nurse-to-patient ratio difference between 
weekdays and weekends is discussed further by Behan (2010). A solution to this model identifies 
the block schedule for each OR as well as the nurse workload requirements associated with that 
schedule. The authors perform a marginal analysis,  pointing out that it is possible for the 
workload demands to slightly exceed the workforce of x nurses but are dramatically inferior to a 
workforce of x+1 nurses. Typically hospitals in this situation will schedule x nurses who are then 
overworked and resulting in a decrease in quality of care. Using this model, the difference 
between x and x+1 nurse workforce can be quantified so that a hospital can make a more 
informed decision on the tradeoffs between the two. Also, two forms of the model were tested: 
flexible and hard constrained. The hard constrained scenario allowed a block of surgery time to 
only be assigned within one shift and not cross into another shift. The flexible scenario allowed 
blocks of surgery time to transition between different shifts. The results of testing found that a 
flexible block schedule provides more benefits to the system, providing lower operating costs 
and more scheduling options, but adds complexity to the problem. The authors also point out that 
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the OR surgery schedule can be considered the main engine of a hospital and it impacts many 
other resources other than just nurses. A downfall of this methodology is that integrating the 
nurse and surgery schedule reduces the ability to easily change the surgery schedule. However, if 
the schedule of other resources associated with the surgery schedule were integrated into this 
model there are even more possible cost savings. This will also ensure that the demand of 
patients will be met since the block schedule and nurse schedule are considered at the same time.  
The branch-and-price algorithm is similar to the branch-and-bound methodology found in 
a case study using integer programming for nurse scheduling by Jaumard, Semet, & Vovor 
(1998). They incorporate column generation as a modeling strategy and then branch-and-bound 
to solve their objectives. The model developed aims to solve a master problem which generates 
the nurse schedule and then solve auxiliary problems that are specific to each nurse. The master 
problem aims to satisfy the demand of patients while minimizing cost of hiring nurses and 
maximizing quality of care. The auxiliary problems aim to account for specific needs of each 
nurse such as requested time off, but only need to reach a feasible solution, not an optimal 
solution. This methodology develops a schedule that minimizes cost while still meeting service 
level and demand requirements of the hospital. It does try to account for nurse satisfaction 
however it is not a requirement that the auxiliary problems, describing the needs of each nurse, 
be solved to optimality and thus some nurses may be dissatisfied with the final nurse schedule.  
The idea of combining a typical integer program (IP) that does not account for variability 
well, with a model that can account for variability can be seen in Burke et al. (2010), which 
schedules nurses for a 5 week period and applies to 16 nurses working 4 different types of shifts 
(early, day, late, and night). The paper discusses how an IP model can be modified and then 
solved using a variable neighbourhood search (VNS) structure. This method allows the initial IP 
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to solve the problem with all hard constraints included; then, soft constraints are considered by 
the VNS. The paper describes how the combination of mathematical programming models can 
help to achieve high quality solutions where a single mathematical model would be too time 
consuming. In this case, a VNS approach allows for solution improvement when the IP takes too 
long to reach an optimal value. This method generates solutions more quickly but does not 
guarantee optimality. Also, the example used in the paper only considers 16 nurses working 4 
shifts which is much fewer than a typical OR system. 
Another use of integer programming can be found in a paper by Mobasher (2011). In this 
paper, an IP uses multiple weighted objectives to minimize cost, maximize nurse satisfaction, 
and minimize patient dissatisfaction. Due to the complexity of the mathematics involved with 
integrating several objectives with a complex formulation, Mobasher uses a variety of algorithms 
to obtain solutions. The example used in testing this model considers an OR that hires 10 full 
time nurses and at most 6 part time nurses. Nurses have different workload capacities, 
compensation per shift, and maximum allowable night and weekend shifts. With patient 
workload variability integrated into the model, the nurses assigned to shifts will be ensured to 
provide adequate coverage resulting in no loss of service level due to understaffing. The paper 
also considers the requirement for a lunch break. After a solution for the nurse assignment 
problem is obtained, a nurse lunch model is run to determine what the optimal time for lunch 
breaks on each day of the scheduling horizon is. This gives the initial assignment model 
flexibility because it will not be constrained in terms of a lunch break needing to occur at a 
certain period of time during each shift. Although this helps generate more cost effective 
solutions, the nurse satisfaction could suffer; a nurse who is assigned a lunch break toward the 
end of her shift may not be as happy as one who receives an earlier break time during that same 
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shift (Bell, 2013). The model does account for the variability associated with patient arrival 
without the need for a simulation model. 
3.3 Simulation 
Another tool that has been used to solve the nurse scheduling problem is simulation. This 
tool is useful because it accounts for the variability inherent in all operating rooms by imitating 
the processes of an actual system. One way of modelling the system is using entities in the model 
to act as patients that have attributes such as arrival time, admission time, and departure time. 
The patient arrival time and surgery length for each patient are typically modeled as a Poisson 
processes because the time between consecutive events can be fit to an exponential distribution 
(Stomblad & Devapriya, 2012). Also, doctors, nurses, beds, and other required equipment are 
typically modeled as resources. Modelling the system in this way, a nurse schedule can be tested 
over a long period of time to see how the solution will perform in the variable environment 
produced by the simulation. 
In the case of one model developed by Evans, Gor, and Unger (1996), the goal was to 
reduce the patients’ time in system by adjusting nurse schedules in an emergency department. 
Their paper uses a set of 5 different schedules that place different numbers of nurses and 
technicians on duty to cover 16 rooms in the simulated hospital throughout the day. Tests were 
run for 14 day period to see how length of stay changes when using different schedules. To 
account for variability, the model used probability distributions for patient arrival and length of 
each treatment type that were gathered from actual data from emergency room nurses and patient 
records (1996). The limitation of this study is that it cannot choose the optimal mix of nurses and 
the user must input what he feels is the best schedule to reduce length of stay of the patients. To 
solve the problem, the scheduler must choose the number of nurses to work each shift using a 
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“guess and check” methodology which could require several iterations before a good shift plan is 
found. The scheduler must choose an input of nurses working each shift and then test the input in 
the simulation model. Then, the scheduler can look at the output and decide how to adjust the 
input to possibly get a better solution. This does not imply that one will find an optimal solution 
and may be time consuming, but it does allow for alternative solutions to be generated and 
compared against each other.  
By developing various “what-if” scenarios, one can see how their system will react over 
time using the simulation developed (Zheng, Shen, Liu, Fang, & Xiang, 2011). Zheng et al. 
(2011) developed their simulation based on the complete surgery process of an OR. Both elective 
surgeries and emergency surgeries were considered. Resources modeled were ORs, beds, nurses, 
as well as other medical workers. When running experiments for this model, the authors came up 
with different scenarios, each containing different values for the availability of each resource. 
The metrics used to compare the different scenarios were the patients’ time in the system as well 
as resource utilization. Some limitations of this model are that it only collects data for one day at 
a time. Also, it is required for the user to generate the different allocation of resources to test, 
making the solution only as good as what the user feeds the simulation. However, this model 
does show the validity of using simulation to model an OR and how different metrics can track 
the performance of the model.  
In order to find an optimal solution, it is often necessary to use more than just a 
simulation model. One example of this can be seen in a paper by Centeno, Giachettia, Linn, and 
Ismail (2003). They combine a simulation model with an integer linear program, ILP, to generate 
a staff schedule. The model aims to minimize the cost of scheduling nurses at certain times of the 
day while still meeting a set service level. The service level requirement is directly related to the 
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number of patients that enter the system which is modeled as a Poisson process in the simulation; 
in order to meet the service level requirements, the schedule must ensure there are enough nurses 
to cover the varying inter arrival times of patients. The simulation model in this case utilizes a 
variety of probability distributions to estimate patient arrival times, service times for different 
activities, and nurse service times. A minimum number of nurses required for each of the 9 
periods of the day described in this model is determined by running the simulation for 38 
replications and using the average value. This output is then used as an input to the ILP which 
determines how many nurses should work each shift to minimize cost while still meeting the 
minimum requirement of nurses for each of the 9 periods of the day. The model utilizes five 12 
hour shifts each with a different labor cost. By integrating the simulation and the ILP, the 
variability of the system can be accounted for and the best combination of nurses and shifts can 
be found. The simulation developed by Centeno et al. (2003) constrains the system to meet a set 
service level and the result of testing is the minimum required nurses to meet that service level. 
Using that information, their ILP assigned nurses to shifts to minimize cost subject to meeting 
the minimum nurse requirement from the simulation. However, with a different patient flow, the 
simulation may need major adjustments. Also, the model accounts for a distribution of arrival 
rates for each period of the day but does not consider that arrival rates may differ by day. Finally, 
the paper considers only five 12 hour shifts; with an increase in the number or length of the shifts 
the ILP may become more difficult and time consuming to solve. However, the paper does show 
how simulation and an ILP can be combined to capture the variability of a hospital setting while 
reaping the benefits of finding a fast solution to nurse shift assignments using linear 
programming.  
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Another paper by Shamayleh (2010) uses simulation to determine the best assignment of 
blocks of time to 10 ORs. The model generates values for surgery time, clean up and set up time, 
according to probability distributions. Although the model does not consider nurses, it does show 
how simulation can be used to model the variability within an OR. Its solution looks to assign 
specialties, certain categories of surgery, to each OR so that overtime cost is minimized. It does 
this by changing the sequence in which cases are scheduled. The results show that modeling the 
variability of patient arrival and surgery length in an simulation can help generate alternative 
solutions with specific performance measures (in this case overtime, completion time, and 
overlap time between surgical specialties) that can be compared and analyzed to help decide 
which solution is best.  
3.4 Discussion 
 This literature review has described several different methodologies that have been used 
to solve the nurse scheduling problem. The limitations and successes of each method have also 
been described. General nurse scheduling methodologies, those that do not utilize mathematical 
programming or simulation, are often too time consuming and may lead to dissatisfied nurses. 
Without the use of mathematical modeling it is very difficult to consider all of the hard 
constraints of the problem and generate a near optimal nurse schedule within the required time 
horizon (Gupta & Denton, 2008). Tools such as mathematical programming and simulation can 
reduce the time it takes to generate a nurse schedule that is near optimal. Some successes of the 
mathematical programming methods described in this review include nearly minimizing the total 
cost of a nurse schedule (Bard, 2010), increasing nurse satisfaction (Mobasher, 2011), and 
integrating the surgery block schedule with the nurse schedule to ensure that the demand of 
patients is met (Belien & Demeulemeester, 2008). The simulation models that have been 
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developed to solve the nurse scheduling problem help to account for the variability in the system 
by applying probability distributions to patient arrival and surgery length (Stomblad & 
Devapriya, 2012). These models also allow for multiple alternative scenarios to be tested giving 
the scheduler more flexibility when developing the final nurse schedule. Centeno et al. (2003) 
combined simulation with and ILP to account for the variability in the system while still finding 
a near optimal solution that aimed to minimize cost while still meeting service level 
requirements. This combination of models applies the best of both methodologies and can 
accommodate the addition of soft constraints, such as nurse satisfaction and specialty match 
between nurse and surgery. This combination of models is similar to those described in this 
thesis; however there are some methodological differences. For example, the models developed 
by Centeno et al. (2003) use only five 12-hour shifts, 9 periods per day, and aims only to 
minimize cost subject to service level. The models in this paper will develop a schedule using 32 
shifts of 8 or 10 hours in length, describes 48 periods per day, and minimizes cost subject to 
service level while also maximizing nurse satisfaction and specialty match. The models 
described in this paper may also be used independently of one another whereas the models 
developed by Centeno et al. (2003) are integrated and must be run together, limiting the 
flexibility by not allowing the scheduler to test different input parameters for the models 
separately to generate alternative solutions quickly. This thesis expands on the current research 
by combining the cost minimization objective with the objectives of maximizing specialty match 
and nurse satisfaction. The models account for variability using simulation and provide 




As previously stated, the goals of the thesis are to develop a shift plan that reduces cost 
and patient lateness, provide a shift assignment that matches nurses to surgeries based on skill set 
and satisfaction level, and that the models generating the solutions are flexible enough to test 
many different nurse schedules in a relatively short period of time. Of course, the models must 
ensure that patient care is of the highest importance and that at no time should a patient be turned 
away or have their surgery postponed due to lack of capacity. The scheduler will be able to test 
the different schedules effectiveness and choose the best within five days.  
To achieve these goals, we suggest a two phase approach. In the first phase, the Nurse 
Planning phase, several different shift plans are generated from a simulation-based optimization 
model. The model generates scenarios that differ in the number of nurses working each shift with 
the goal of finding the scenario that has the lowest total cost to the system; each scenario has a 
different shift plan. These shift plans are used in a stochastic setting when applied to the 
simulation model. Output from the simulation is analyzed to determine which shift plan provides 
the minimum total cost to the OR while meeting some set service level. The best shift plan is 
chosen from the simulation-based optimization and used as an input to the second phase. In the 
second phase, the Nurse Assignment phase, a mathematical program will assign each specific 
nurse to a shift. The Nurse Assignment objectives include maximizing nurse specialty match and 
nurse satisfaction, taking into consideration which shifts the nurse has worked in the previous 
scheduling periods. The model ensures that surgeries requiring a certain skill set, or specialty, 
will have a nurse with that specialty by attempting to maximize the percentage of surgeries that 
have such a nurse. The model also seeks to maximize the satisfaction of the nurses. The result is 
a shift assignment and, along with the shift plan, a completed nurse schedule is developed.   
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4.1 Scope 
In order to adequately solve a specific nurse scheduling problem, the scope of the 
problem must be defined. Firstly, the models will be focused on operating rooms (ORs) only and 
not include any other hospital setting such as emergency departments. Also, this OR system will 
have approximately 5% - 10% of unscheduled or emergency cases. Another limiting factor of the 
analysis will be that the schedules will pertain only to nurses and not doctors or other hospital 
staff. The surgery schedule will be assumed to use a block scheduling mechanism for the patients 
who are to enter the system. The block schedule in this paper will be defined as blocks of time, 
between 8 and 12 hours based on a uniform distribution, for each OR in which scheduled 
surgeries can be conducted. Each patient is given a scheduled start time within the allotted block 
of time for an OR. The schedule of patients is developed for a 5 day period with the assumption 
that each week repeats the same block pattern of demand of procedures. The block schedule will 
be an input to the system. The random input factors of the problem are actual surgery duration 
from when the surgery begins to when it will end, emergency patient arrival, and number of 
surgeries per day. Distributions for these factors are assumed to be known. Number of rooms, 
nurses, and shifts are given to the models as an input. The nurse scheduling process used in this 
paper is as follows: first, the number of nurses required to work each shift is determined, the shift 
plan, then, each specific nurse is assigned to a shift, the shift assignment. 
4.2 Inputs and Assumptions 
In order to model this system, we must first specify some assumptions. The model only 
considers the scheduling of nurses in the system. That is, doctors, anesthesiologists, and OR 
techs will not be considered in the model. Patients in the simulation are assumed to arrive prior 
to their scheduled surgery time and have no interferences when being moved to or from their 
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OR. Interferences could be due to a lack of beds, excessive or variable transfer times, or sudden 
change in health causing the surgery to be changed or rescheduled. The amount of time that a 
patient arrives early for his surgery is an input to the simulation and is known. It is also assumed 
that when a nurse’s shift ends she is allowed to leave her surgery if there is another nurse 
available to take her place. If not, she continues to work until the surgery is complete. This 
assumption holds for the examples in this thesis, but can be changed in the model if needed so 
that each nurse must complete the surgery she starts even if her shift ends. Emergency patients 
arrive randomly to the system throughout the day and may be given a priority greater than that of 
the patients already in the queue by being given a higher severity metric. The length of surgery 
for each patient is modeled as stochastic; each patient will sample from a probability distribution 
to determine his scheduled surgery length and his actual surgery length, not including waiting 
time or lateness. Although a block schedule assumes that each surgery length is known, the 
actual length of each surgery will be modeled to be stochastic. An average amount of time for 
room preparation and clean-up is input to the simulation but the actual time for prep and clean-up 
of each OR in the simulation will be sampled from a probability distribution. Also, the time for 
the patient to transfer to the OR room will be negligible in the model.  
The block schedule history will be analyzed and the average value of each type of patient 
will be used to create the demand of the assignment model. The model does not account for any 
seasonal effects and assumes that the block schedule repeats every two weeks. The minimum 
number of nurses for each half hour period of the day to cover all specific surgery types is 
generated by the analysis of the block schedule and is then used as a constraint in the Nurse 
Assignment phase. Also, a set of shifts based on some of the typical hours of a day that nurses 
work at hospitals is used. The shifts span 8.5 hours or 10.5 hours, both of which include a half 
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hour lunch break. Nurse satisfaction is measured by a subjective score between 0 and 1, and is an 
input to the assignment model. This score is an estimation based on what is believed to be the 
desirability of the different shifts of the model. The model is capable of assigning different 
scores to shifts based on each nurse’s preference; however this thesis assumes that all nurses give 
each shift the same score. The number of surgical categories also referred to as specialties in this 
paper, is an input to the assignment model. And the nurses’ training level for each specialty is 
assumed to be known and input to the model as either trained, 1, or untrained, 0.  
 
4.3 The Two Phase Approach 
In the Nurse Planning phase, a simulation-based optimization determines the optimal 
shift plan for the system in question. Then, the Nurse Assignment phase assigns each specific 
nurse to a shift in the shift plan from the first phase using a mathematical programming model 
which aims to optimize nurse satisfaction as well as specialty match. This model will match 
nurses to surgeries in which they have the most training while accounting for the satisfaction of 
all nurses. As shown in figure 1, the inputs are first given to the OR simulation as well as the 
simulation-based optimization. Then, the optimization model tests many different scenarios 
where the number of nurses for each shift is adjusted for a minimum of 5 replications. 
Replications differ due to the stochastic nature of the patient arrival and surgery length; each 
time the simulation will draw different values for these parameters from the probability 
distributions associated with them. Those shift plans are input to the simulation and tested under 
the variability of the system. The output from the optimization is a shift plan defining the exact 
number of nurses needed to work each shift so that cost is minimized while still providing the 































Figure 1: Two phase nurse planning and scheduling framework 
 
Service level is measured by the total hours that patients begin their surgery beyond the 
scheduled time. This is known as lateness. As lateness increases, the service level decreases; as 
lateness decreases, the service level increases. Service level is ensured by adding a penalty cost 
to patients whose surgery starts later than scheduled. This concludes the first phase of the model. 
In the second phase, the Nurse Assignment phase, the assignment model is given inputs, 
including a satisfaction score for each shift, the shift assignments from previous scheduling 
periods, as well as the shift plan from the Nurse Planning phase, and assigns specific nurses to 
shifts creating a shift assignment. Objectives, parameter weights, and the length of the 










other. Once the best option is chosen, the combination of the shift plan and shift assignment will 
complete the nurse schedule. 
4.4 Models 
The area in which this thesis expands on the nurse scheduling research that has been done 
is in the modelling approach, using simulation-based optimization to minimize cost and feeding 
that solution into an assignment model that accounts for nurse satisfaction and specialty match. 
This is similar to the methodology described by Centeno et al. (2003) where a combination of 
simulation and integer linear programming is also used. Both this paper and the one by Centeno 
et al. (2003) use probability distributions to describe the interarrival time of patients as well as 
the length of surgery in the simulation. Also, the output of the simulation is used as an input to 
the ILP, which assigns nurses to shifts. However, there are some major differences in these two 
methodologies. In Centeno et al. (2003), the models choose from five 12- hour shifts, each with 
differing labor costs, as well as 9 periods of the day, scheduling for an emergency department. 
They also aim to only find the minimum cost subject to service level constraints. In this paper, 
the models have 32 shifts to choose from, each being 8 or 10 hours in length and summing to 40 
hours per week in an OR. There are also 48 periods of the day, one each half hour, resulting in a 
more specific solution. The model proposed in this paper will have the objective of minimizing 
cost subject to some service level, but will also have the added objective of maximizing specialty 
match as well as nurse satisfaction. The proposed model adds to the approach taken by Centeno 
et al. (2003) by solving a more complex problem, testing a larger set of shifts and periods of the 
day, and solving for multiple objectives, including cost minimization, nurse specialty match, and 
nurse satisfaction. Incorporating nurse satisfaction into the two phase approach helps generate a 
schedule that benefits both the hospital and its nurses. 
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In order to ensure that the nurse schedule will apply to the real world system, a 
combination of simulation-based optimization and a simulation model is implemented. The 
simulation-based optimization tests a variety of shift plans by adjusting the number of nurses 
working each shift. These shift plans are tested in a simulation model and provide feedback as to 
where the shift plan could be improved. Once a shift plan is decided upon, an assignment model 
will be utilized to give each specific nurse her shift for each scheduling period. The nurse 
assignment from the current scheduling period provides a weighted nurse satisfaction for each 
nurse which is used as an input to the assignment model of the next scheduling period. This 
continues until each scheduling period in the scheduling horizon has a nurse assignment solution. 
The scheduling horizon is the sum of all of the scheduling periods for which the model produces 
a shift assignment. In this paper, a scheduling horizon of 12 weeks will be used for the 
assignment model.   
4.4.1 Simulation 
The purpose of the simulation model is to test any set of shift plans in a dynamic setting 
that accounts for the variability inherent in any operating room. Simio simulation software was 
used to develop the simulation of the system. We propose a model that considers patients to be 
entities, and nurses and ORs to be resources. Each OR has some similar properties, such as set up 
time, clean up time, and access to all nurses. Where the ORs differ are in the amount of time that 
patient surgeries, or cases, can be scheduled each day and the exact length of surgery for each 
patient. The patient arrival is generated at the beginning of each day for each of the ORs 
according to a combination of two random distributions. First, an expected surgery length is 
generated for a patient by a uniform distribution, for the simulation in this paper between 15 
minutes and 90 minutes, rounded to the nearest 15 minute multiple. Then, the actual duration of 
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the surgery is determined by applying a Beta (α, β) distribution with parameters α = 1.5 and β = 
3. This simulation first subtracts 10 minutes from the scheduled length of surgery and then adds 
30 minutes multiplied by a Beta (1.5, 3) distribution. This combination of random distributions 
produced a result that is similar to a real world operating room by generating surgeries that last 
between 5 and 110 minutes, however any distribution can replace the ones suggested here (Bell, 
2013). In addition to the surgery time, a cleanup time is required after each surgery which is 
given by a uniform distribution between 10 and 20 minutes. Also, the expected amount of time 
that the patients arrive prior to their scheduled start time is assigned at this time and is a constant 
30 minutes.  
To assign the next patient, the model adds the expected surgery duration and clean up 
time to the current patients scheduled start time, giving the patient’s scheduled end time and also 
the next patient’s scheduled start time. That next patient arrives 30 minutes prior to his scheduled 
start time and if the previous patient is done and no emergency patients have arrived to take over 
the OR, the next patient will start his surgery at the scheduled time. If the OR is being used, the 
patient is delayed until the room is available and that delay time is added to the total lateness of 
all patients, a performance metric for the model. There are also emergency patients added to the 
model. Their length of surgery is calculated in the same way as the standard patients; however 
their interarrival time is slightly different. An emergency patient enters the system with an 
interarrival time based on Normal distribution with mean 3 hours and standard deviation of 0.25 
hours, N (3, 0.25). When an emergency patient arrives, he is given the highest priority and goes 
to the first available OR. If no OR is available then the emergency patient is assigned to any OR 
and pushed to the front of the queue. In this paper all ORs are interchangeable however the 
model can accommodate differences between ORs. 
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 The simulation begins scheduling surgeries in each OR individually, starting each 
morning at 7:00 AM and stopping after some value of time based on a uniform distribution 
between 8 and 12 hours. This means that the exact number of procedures for each OR and on 
each day is stochastic and unknown. The distribution of the number of procedures is based on the 
scheduled surgery length of patients as described earlier in combination with the uniform 
distribution which causes the scheduling to stop. The simulation runs for one week: 24 hours 
each day for 5 days, but is capable of running for any specified time horizon. The length of time 
that the simulation must run for depends on the demand distribution of patients. The assumption 
in this paper is that demand does not change from week to week but may change from day to day 
and thus the simulation must only run for one week. The result of the one week simulation can 
be assumed to be the solution for all weeks as the demand of patients does not change from week 
to week. The model also runs for 24 hours to accommodate any emergency patients that arrive 
outside the hours of scheduled surgeries.  
The nurses are a resource that must be allocated to the patient prior to the surgery. A 
nurse begins a surgery by transferring a patient into their scheduled OR. This transfer time is 
negligible in the simulation. In the simulation, a nurse who starts a surgery completes the surgery 
unless her shift ends. If this happens, and another nurse is available, the nurse working is 
interrupted. At this time, the remaining time of the surgery is calculated and the new nurse is 
responsible for working that remaining time, including clean up time. The nurse originally 
working the procedure ends her shift. This model logic is meant to prevent the nurses from 
working overtime unnecessarily. This is an assumption of the model and can be seen as a 
limitation as most hospitals would prefer continuity of care and that a nurse who starts a surgery 
must finish it. If the nurse reaches the end of her shift while in surgery and there are no nurses 
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available to take her place, the nurse will stay until the surgery is completed and then end her 
shift, working overtime. A nurse must stay in the room until the cleanup process is complete at 
which time she is free to work on the next procedure. Once a surgery is complete, the patient is 
transferred from the room in a negligible amount of time and leaves the system. The nurses are 
assigned to patients based on their shift start time; if a nurse starts a shift later in the day she will 
be chosen to work a surgery before a nurse who started earlier. For example, if nurse 1 begins a 
shift at 7:00 AM and nurse 2 begins a shift at 11:00 AM, and both nurses are currently available 
at 3:00 PM, nurse 2 will be assigned to a surgery before nurse 1. This helps reduce overtime by 
assigning surgeries to nurses with more time remaining in their shift, allowing nurses ending 
their shift to leave on time; a nurse beginning her shift will be assigned a surgery before a nurse 
ending her shift.  
Important information is gathered from this simulation. Some key performance metrics 
include surgery delay time or patient lateness, nurse utilization, overtime worked (both scheduled 
and unscheduled), and the number of nurses actually busy during each half hour period of the 
day. Using this feedback, the simulation can offer suggestions as to which inputs are restricting 
the model and what inputs should be looked at for improvement. This feedback is a crucial part 
of the analysis and can be iterated several times so that the hospital can choose which portions of 
its operation should be improved to help the overall system. Figure 2 below displays the general 
flow of the simulation. A surgery starts only if the OR and a nurse are available, if not the patient 
must wait. The “Nurse Shift” portion of the figure describes what happens at the end of a nurse’s 
shift when she is in surgery. If there is “Relief”, meaning that a nurse is available to take over for 
the nurse currently in surgery, then that nurse will take over and the nurse in surgery can go off 
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shift. If not then the nurse will work overtime until the surgery is over at which point she can end 
her shift. 
 
This simulation of the OR is the centerpiece of the simulation-based optimization model 
used in the Nurse Planning phase. The model takes as an input the number of nurses working 
each shift from the optimization model and runs a minimum of five replications of the simulation 
giving its output back to the optimization model.  
A screen shot of the actual simulation model can be found in Appendix 5. 
4.4.2 Simulation-based Optimization 
 In order to minimize the cost of hiring nurses while meeting service level requirements, a 
simulation-based optimization model is used. This model uses the simulation to test a wide 
variety of shift plans that have nurses working different shifts to cover the demand of patients for 
Figure 2: Flow chart of Simulation 
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the system. The formulation of the model is a mathematical program. The model aims to 
minimize cost from three sources as seen in equation (1). First, the cost associated with each 
nurse that is assigned to a shift is summed over all shifts and each week. A shift is either 8 hours 
in which case the nurse works 5 days a week, or 10 hours in which case the nurse will work 4 
days a week. The shifts are predetermined starting and ending times spread out over the 24 hours 
of the day ensuring that at least one shift is covering each hour. The number of nurses working 
each shift is controlled by a different variable for each shift in the simulation. The second cost is 
the total cost of overtime worked by all nurses in the model for each week. This is calculated by 
constraint (4) which says that overtime is accumulated if a nurse ends her shift past her 
scheduled end time. This is controlled by a random variable, 𝑦 ̃𝑖𝜔, described in constraint (6), 
which is an output from the simulation. The third term assigns a penalty cost to the total lateness, 
which is the time between all procedures’ scheduled start time and their actual start time as 
described in constraint (5). This third term ensures that the service level that is required for the 
system is met and also comes from a random variable, ?̃?𝑚𝜔, described in constraint (7), another 
output from the simulation. The other constraints in the model describe the range in which the 
model can search for an optimal solution. Constraint (2) restricts the model to a maximum 
number of nurses for each shift and each week. This maximum value can vary depending on the 
shift and requirements of the system. Constraint (3) restricts the total assignable nurses for each 
week over all shifts. The system can be assigned a minimum number of nurses required to ensure 
a high service level and also can be assigned a maximum number of nurses that are available 
during this current time horizon. The model uses output from the simulation model, ?̃?𝑚𝜔 and ?̃?𝑖𝜔, 
which are functions of the patient arrival rate, surgery length, number of nurses working each 
shift, emergency patient arrival, and block schedule associated with the simulation. 
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Indices:      Sets: 
i index for nurses  i  ϵ  N  N  set of nurses; 
j index for shifts;  j  ϵ  J  J  set of all shifts; 
p period of the day (30 min); p ϵ P  P  set of periods; 
d index of days;   d ϵ D  D  set of days; 
ω week of shift plan;  ω ϵ Ω  Ω  set of all simulation weeks; 
m index of procedures;  m ϵ M  M  set of all procedures; 
 
Parameters: 
𝑐𝑗𝜔 cost of a nurse working shift j during week ω 
𝑢 cost per hour of nurse overtime 
𝑣 penalty cost per hour of surgery lateness 
𝐵𝑗𝜔 maximum number of nurses assignable to shift j in week ω 
𝑁𝑀𝐼𝑁 minimum total number of nurses available 
𝑁𝑀𝐴𝑋  maximum total number of nurses available   
𝜑𝑖𝜔 hours of time nurse i is scheduled to work in week ω 
𝜇𝑚𝜔 scheduled start time of procedure m during week ω 
 
Simulation Results:  
𝑡𝜔 total hours of surgery lateness per week ω 
𝑦𝜔 hours of nurse overtime per week ω 
?̃?𝑖𝜔  hours of time nurse i works in week ω, random variable 
?̃?𝑚𝜔 actual start time of procedure m during week ω, random variable 
  
Decision Variables: 
𝑥𝑗𝜔 number nurses required to work shift j in week ω 
 
Minimize: 
∑ ∑ (𝑐𝑗𝜔 ∗ 𝑥𝑗𝜔)
𝜔∈𝛺𝑗∈𝐽
+ ∑ (𝑢 ∗ 𝑦𝜔)
𝜔∈𝛺
+ ∑ (𝑣 ∗ 𝑡𝜔)
𝜔∈𝛺
                                                                               (1) 
 
Subject to: 
𝑥𝑗𝜔  ≤  𝐵𝑗𝜔                                          ∀   𝑗 ∈ 𝐽, 𝜔 ∈  𝛺                                                                             (2) 
𝑁𝑀𝐼𝑁 ≤ ∑ 𝑥𝑗𝜔
𝑗∈𝐽
 ≤  𝑁𝑀𝐴𝑋                ∀   𝜔 ∈  𝛺                                                                                        (3) 
𝑦𝜔 =  ∑ max{ ?̃?𝑖𝜔 −  𝜑𝑖𝜔 , 0}
𝑖∈𝑁
        ∀   𝜔 ∈  𝛺                                                                                       (4) 
𝑡𝜔 =  ∑ max { ?̃?𝑚𝜔 −  𝜇𝑚𝜔 , 0}
𝑚∈𝑀
      ∀   𝜔 ∈  𝛺                                                                                    (5) 
?̃?𝑖𝜔   𝑟𝑎𝑛𝑑𝑜𝑚 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒                     ∀   𝑖 ∈ 𝑁, 𝜔 ∈  𝛺                                                                          (6) 
?̃?𝑚𝜔   𝑟𝑎𝑛𝑑𝑜𝑚 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒                     ∀  𝑚 ∈ 𝑀, 𝜔 ∈  𝛺                                                                       (7) 
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Using the cost minimization objective, the model generates several different shift plan 
scenarios, trying to find the optimal number of nurses for each shift. A scenario consists of a 
different number of nurses required for each of the shifts. Each scenario is run for a minimum of 
5 replications in the simulation to ensure a consistent result. The replications of the models give 
different results due to the stochastic variables of the problem, patient arrival and surgery length. 
After completion of the optimization, the data is analyzed further to determine which scenario 
works best; it may be the case that several scenarios have the same or similar costs. Once the 
best scenario is chosen, the number of nurses working each shift is given as an input to the Nurse 































Figure 3: Nurse Planning Phase portion of Figure 1 
 
Seen i  Figure 3, the simulation-based optimization takes the objective function, 
constraints, and performance metrics of patient lateness and nurse overtime costs from the 
simulation as an input. The optimization model generates scenarios, each with a different shift 
plan or number of nurses working each shift, and applies them to the simulation. Each scenario’s 







other scenarios in terms of total cost. The model then decides which of the scenarios has the 
minimum total cost and uses that as the final shift plan or Nurse Scheduling Plan. This shift plan 
is used as an input in the Nurse Assignment model in the second phase.   
4.4.3 Assignment model 
The next portion of the analysis is assigning specific nurses to the shifts decided upon in 
the final version of the shift plan from the simulation-based optimization. Although the first 
phase provides the best possible shift plan for the given inputs to the simulation model, it is not 
required to use this shift plan in the assignment model; the scheduler can choose any shift plan to 
be an input even though it will be more costly than the solution from phase one. The assignment 
model accounts for factors such as matching a nurse to a surgery in which she is trained, nurse 
satisfaction, and previous shift assignments, etc., to assign each nurse to each shift in the current 
scheduling period. The scheduling period for this model is 2 weeks with the assumption that the 
number of surgeries of each specialty will be different each day of the two week period. Each 
two week period repeats the same pattern of surgery specialty as the first two week period for the 
entirety of the scheduling horizon of 12 weeks. This scheduling period can be adjusted to meet 
the demand repetition of any OR system. The model is formulated using mathematical 
programming. 
 The objective in this base assignment model is to maximize two sections. The first 
section, Aw, defined by equation (8), maximizes the percentage of time that a surgery of a 
specific specialty has a nurse that has that skill set, or specialty. The second section, Bw, defined 
by equation (9), aims to maximize the average satisfaction level of all of the nurses N. The 
tradeoff between these two objectives can be altered using the θ1 and θ2 parameters which act as 
weights for Aw and Bw respectively and can be used to ensure that the units of both sections 
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match; if nurse satisfaction is more important to the scheduler than specialty match, he can adjust 
θ2 to be some value larger than one and leave θ1 to be equal to one. Constraint (10) ensures that 
the shift plan input into parameter xjk is followed by the model. The sum of all nurses nijk for each 
shift and each week must equal the value for number of nurses for each shift and week given as 
an input xjk. The LSqdpk parameter, used in constraint (11), gives a lower bound for the number of 
nurses with a specific specialty that must be available for each period of each day of each week. 
This is generated from the block schedule in the first phase and estimates the demand of patients 
for the assignment model. If there is no nurse working during a specific period that has a 
specialty matching the required specialty for that period, given by LSqdpk, then the slack variable 
s-qdpk will increase by the difference between the required nurses and the actual amount of nurses 
with that specialty. Constraints (12), (13), and (14) work in unison to determine the satisfaction 
score of each nurse. First, (14) multiplies each shifts satisfaction score γj, by variable nijk, which 
is 1 if nurse i receives shift j in week k. The shift satisfaction score is a subjective value between 
0 and 1 that would ideally be taken from nurse opinion but in this model was estimated. If the 
shift is desirable its score will be closer to 1 while undesirable shifts will have a score closer to 0.  
Constraint (14) results in rik, a satisfaction level for each nurse and each week of the scheduling 
period based on the shift that she was assigned. Constraint (13) then averages the satisfaction 
level of each nurse over the length of the scheduling period, given by H, to get a single average 
satisfaction score for each nurse and scheduling period, ρiw
NEW. Finally, constraint (12) applies an 
exponential smoothing weight α to combine the initial satisfaction of a nurse, which is equal to 
the ending satisfaction from the previous scheduling period, ρiw-1 , and the new satisfaction of 
each nurse, ρiw
NEW. This allows the model to take into account each nurses previous satisfaction. 
This is because the satisfaction at the end of each scheduling period, ρiw-1, is considered the 
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initial satisfaction for next scheduling period, ρiw. In other words, the initial satisfaction of this 
scheduling period equals the ending satisfaction of the previous scheduling period The α weight 
can be adjusted to consider past shift assignments more or less, depending on the needs of the 
system. Each time the model runs a sub-set of time, w, in the scheduling horizon, G. The 
schedule is being generated for the entire time period G by running the model G/w times 
generating a shift assignment for only a few weeks at a time.  Constraint (15) simply states that 
each nurse can only be assigned to one shift each week of the scheduling period. The initial 
satisfaction for time period 0 is defined in constraint (16); it is simply an input parameter. Also, 
all variables must be non-negative as described in constraints (17), (18), (19), and (20). 
Indices:      Sets: 
i index for nurses  i  ϵ  N  N set of nurses 
j index for shifts   j  ϵ  J   J set of all shifts 
p period of the day (30 min) p ϵ P  P set of periods 
d index of days   d ϵ D  D set of days 
w scheduling periods  w ϵ W   W set of scheduling periods 
q index of specialty  q ϵ Q  Q set of specialties / surgery types 
k weeks in period w  k ϵ Kw  Kw set of weeks in scheduling period w 
 
Parameters: 
xjk   number nurses required to work shift j in week k 
hjp  1 if shift j contains period p, 0 otherwise 
fdj  1 if shift j contains day d, 0 otherwise 
siq  1 if nurse i has specialty q, 0 otherwise 
βi  weight of average nurse satisfaction score for nurse i    
LSqdpk  lower limit of required nurses for specialty q for period p on day d in week k 
γj  nurse satisfaction score of shift j 
α  exponential smoothing weight 
ρi
I  initial weighted average satisfaction score for nurse i before scheduling begins 
Vq  weight of under-staffing a nurse of specialty q 
H  number of weeks in the scheduling period 
G  number of weeks in the scheduling horizon 
N  total number of nurses 
LSSumq LS parameter summed over periods p, days d, and weeks k 
θ 1  weight on specialty match section of the objective 





𝑛𝑖𝑗𝑘  1 if nurse i is assigned to shift j in week k, 0 otherwise 
𝑟𝑖𝑘  satisfaction level of nurse i  in week k 
𝜌𝑖𝑤  final weighted average satisfaction score for nurse i in scheduling period w 
𝜌𝑖𝑤
𝑁𝐸𝑊 satisfaction score from current time horizon for nurse i in scheduling period w 
𝑠−𝑞𝑑𝑝𝑘   number of nurses of specialty q below the lower limit LS  
 
Maximize: 
𝐴𝑤  +  𝐵𝑤                    ∀          𝑤 ∈ 𝑊 
 
where: 
𝐴𝑤  =  θ1 ∗ ∑ ∑ ∑ ∑
𝑉𝑞
∑ 𝑉𝑞𝑞∈𝑄
 ∗  




𝑘 ∈𝐾𝑤𝑝 ∈𝑃 𝑑 ∈ 𝐷 𝑞 ∈𝑄
                                                    (8) 
  










 =  𝑥𝑗𝑘                 ∀  𝑗 ∈ 𝐽, 𝑘 ∈  𝐾𝑤                                                                                             (10) 
∑ ∑ 𝑠𝑖𝑞𝑛𝑖𝑗𝑘
𝑖 ∈𝑁𝑗∈𝐽
ℎ𝑗𝑝 𝑓𝑑𝑗 +  𝑠𝑞𝑑𝑝𝑘
− ≥  𝐿𝑆𝑞𝑑𝑝𝑘     ∀ 𝑞 ∈ 𝑄, 𝑘 ∈ 𝐾𝑤, 𝑑 ∈ 𝐷, 𝑝 ∈ 𝑃                              (11) 
𝜌𝑖𝑤 =  (1 − 𝛼) ∗ 𝜌𝑖𝑤−1 +  𝛼 ∗ 𝜌𝑖𝑤
𝑁𝐸𝑊           ∀  𝑖 ∈ 𝑁, 𝑤 ∈ 𝑊                                                       (12) 
𝜌𝑖𝑤
𝑁𝐸𝑊 =  ∑ 𝑟𝑖𝑘
𝐾𝑤
𝑘
𝐻⁄         ∀ 𝑖 ∈ 𝑁, 𝑤 ∈ 𝑊                                                                                          (13) 
𝑟𝑖𝑘 =  ∑ 𝛾𝑗
𝑗∈𝐽
𝑛𝑖𝑗𝑘              ∀ 𝑖 ∈ 𝑁, 𝑘 ∈ 𝐾𝑤                                                                                              (14) 
∑ 𝑛𝑖𝑗𝑘
𝑗 ∈𝐽
 =  1                    ∀  𝑖 ∈ 𝑁, 𝑘 ∈ 𝐾𝑤                                                                                             (15) 
 𝜌𝑖
𝐼 = 𝜌𝑖0                           ∀  𝑖 ∈ 𝑁                                                                                                            (16) 
𝑟𝑖𝑘 ≥ 0 ;                            ∀  𝑖 ∈ 𝑁, 𝑘 ∈ 𝐾𝑤                                                                                              (17) 
𝜌𝑖𝑤 ≥  0 ;                         ∀  𝑖 ∈ 𝑁, 𝑤 ∈ 𝑊                                                                                               (18) 
𝜌𝑖𝑤
𝑁𝐸𝑊 ≥ 0 ;                  ∀  𝑖 ∈ 𝑁, 𝑤 ∈ 𝑊                                                                                               (19) 
𝑠𝑞𝑑𝑝𝑘
− ≥ 0;                     ∀ 𝑞 ∈ 𝑄, 𝑘 ∈ 𝐾𝑤, 𝑑 ∈ 𝐷, 𝑝 ∈ 𝑃                                                                      (20) 
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The model is very flexible and can be adjusted to meet the needs of many different 
systems. If, when using objective Aw + Bw, equations (8) and (9), it is found that some nurses are 
continually receiving bad shifts while others always receive good shifts, the model can be 
altered. This result could be deemed unfair and an alternate objective could be considered where 
each individual nurse is considered separately and not part of an average. This would allow the 
model to treat each nurse more fairly although the average satisfaction may not be maximized. 
Two possible alternative objectives are: 
Maximize: 
 𝐴𝑤 +  𝐶𝑤                  ∀      𝑤 𝜖 𝑊                                                                                                                
where: 
 





                                                                                                                     (21) 
Subject to Constraints (10) – (20) 
or: 
Maximize: 
𝐴𝑤 +  𝐷𝑤            ∀       𝑤 𝜖 𝑊                                                                                                                
where: 
  
 𝐷𝑤  =   θ2 ∗  𝑡𝑤                                                                                                                                          (22) 
 
Subject to Constraints (10) – (20) and: 
𝑡𝑤  ≤   𝜌𝑖𝑤      ∀      𝑖 𝜖 𝑁, 𝑤 𝜖 𝑊                                                                                                              (23)   
 
In (21) the initial satisfaction for period w, ρiw-1, is used as a weight on the objective. The initial 
satisfaction for the very first scheduling period is a random input to the model as described in 
equation (16). However, the initial satisfaction of all other scheduling periods is given by the 
ending satisfaction of the previous scheduling period. The weight acts in the following way: a 
nurse with the lowest satisfaction from the previous shift assignment will receive the highest 
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weight in the objective function during this shift assignment. This allows the model to account 
for nurses on an individual level and not only consider the average satisfaction across all nurses. 
For this objective, Aw + Cw, all constraints remain the same. 
 Objective (22) uses a maximin formulation to help increase nurse satisfaction. A decision 
variable tw is maximized subject to the constraint (23) that it must be less than or equal to the 
satisfaction score of each nurse, and thus must be less than or equal to the minimum satisfaction 
score. This formulation also accounts for nurses individually and each time a shift assignment is 
done this portion of the objective will attempt to make minimum satisfaction score as high as 
possible. All other constraints from the original model are applied to this model with the addition 
of constraint defined by equation (23). 
The scheduling period, w, of the model can be adjusted as well. With a w=1 and G=12 
the model can be run twelve times, G/w or 12 / 1 = 12, to produce a schedule for each of the 12 
weeks in the scheduling horizon. Or, the model could have a w=4 and be run three times, G/w or 
12 / 4 = 3, to produce a twelve week schedule. The latter model would average the satisfaction 
over a four week scheduling period each time it is run whereas the prior model will consider 
each week’s satisfaction individually. Depending on the needs of the system, the model should 
be adjusted to aggregate the satisfaction over the scheduling period desired.  
Figure 4 shows again how the Nurse Assignment phase works. The assignment model 
takes as an input an objective function, constraints, the Nurse Scheduling plan or shift plan, nurse 
satisfaction scores for each shift, block schedule information, and the shift assignment from the 
previous scheduling period. It then assigns nurses to shifts in the shift plan, aiming to maximize 
nurse satisfaction as well as matching as many nurses to surgeries that they have a specialty in. 
The output is a shift assignment which is fed into the next scheduling period until there is a shift 
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assignment for each scheduling period in the scheduling horizon. The shift assignments for the 






























Figure 4: Nurse Assignment Phase portion of Figure 1 
 
  The Nurse Assignment model is solved using AMPL software with a Gurobi solver.  
4.5 Design of Experiments 
In order to test the effectiveness of the two phase approach, as well as each phase 
individually, a set of experiments is proposed. For the Nurse Planning phase of the experiment 
there are three important questions that need to be answered. First, how can the solution hold up 
to greater variability than what is modeled in the simulation? In order to answer this question, the 
simulation model must be tested under different settings. The two main sources of variability in 
the model are patient arrival, and surgery length. The distributions associated with these sources 
can be tested at higher and lower levels to see how the system responds to more or less 
variability. Each distribution will be subjected to a decrease of 75%, and 90%, and an increase of 
110%, and 125% of their initial values. The results will show how well the best shift plan from 





question to be answered in this phase is how many nurses should work each shift to minimize the 
cost subject to a certain service level constraints? This answer can be obtained by running the 
simulation-based optimization for several iterations, testing different scenarios and comparing 
the cost and associated service level cost. Each scenario has a different shift plan and is used as 
an input to the simulation which runs the scenario for a minimum of 5 replications, testing the 
same scenario 5 times or more. Once at least 4000 scenarios are generated by the simulation-
based optimization model and tested by the simulation, the cost of each scenario can be 
compared and the best scenario, and thus shift plan, for each total number of nurses can be 
chosen based on nurse cost and cost of service level. The final question to be answered by the 
Nurse Planning model is: how many nurses should work each shift to cover demand given 
variability in demand? To test this, the simulation-based optimization model will generate 
scenarios with varying shift plans so that the solutions can be compared. The model will sample 
different shift plans for systems having anywhere from 17 to 24 available nurses. The best shift 
plan resulting from each number of nurses will be compared to determine what number of nurses 
will give the minimum total cost. 
For the Nurse Assignment phase there are different questions to be answered. First is the 
question of how different objective functions will behave when given the same inputs? A set of 
scenarios will be tested using three separate objective functions: Aw + Bw, Aw + Cw, and Aw + 
Dw. The results of each model will be compared against the other in terms of nurse satisfaction 
and specialty match. Another question to be answered is how different scheduling periods affect 
the model? To test this, the Nurse Assignment model will be run using a scheduling period w = 1 
to compare how the results vary from the original model where w = 2. This test will determine if 
nurse satisfaction or specialty match is affected when a shift assignment is made more 
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frequently. The final question is: how does changing the weights of the model affect the output? 
When the α weight is subjected to a value of 0.3 the model can be analyzed and the final 
question can be answered. This test will determine if nurse satisfaction is adversely affected 
when the weighted satisfaction level from previous shift assignments is weighted more heavily 
throughout the scheduling horizon.  
4.6 Two Phase Example 
 An example is used to ensure that the proposed two phase approach is a reasonable one. 
This example uses a fraction of the nurses and schedules that the full models use, but all other 
elements will work in the same way. Using this example, a variety of testing on both the 
simulation-based optimization, assignment model, and their interaction can be conducted. The 
goal of this experimentation is to provide evidence that a two phase approach will solve the nurse 
scheduling problem while accounting for variability and uncertainty; the example generates an 
optimal schedule that aims to minimize cost, meet service level requirements, match nurse 
specialty with surgery type, and consider nurse satisfaction. This example is based on the paper 
“OR Nurse Planning and Scheduling Under Uncertainty” (Tontarski & Kuhl, 2015). 
4.6.1 Model Setup 
For this example, we consider a hospital containing 6 operating rooms (ORs), 7 possible 
surgical specialty categories, and 21 potential shifts. The maximum number of nurses assignable 
to shifts is 15 and each nurse is paid $40 per hour for a full time shift and $60 per hour for any 
overtime worked. The penalty cost associated with each hour of patient lateness is $60.  
For the Nurse Assignment phase of the model, the same set of 21 shifts and 7 surgical 
specialty categories will be used. The demand for each specialty for each period of each day for 
the experiment will be input based on data collected over a 1 year period provided by a local 
47 
hospital with 23 ORs (Bell, 2013). The data was scaled down to best fit a 6 OR scenario. Also, 
the scheduling period for each shift assignment generated by this model is 2 weeks. A nurse may 
have the same shift for each day of the two weeks or she may have one shift for the first week 
and a different shift for the second week. The mathematical model for this phase is slightly 
different than the model described previously, however the principles of both models are the 
same. The difference in objective is simply because the 6 OR model was developed as a test of 
the operation of the two phase approach and the final version of the objective function was not 
yet decided upon. In this example, the model is minimizing the total number of periods when 
there is no nurse with the same specialty as the surgery available rather than maximizing the 
percentage of periods describing the same situation as in equation (8).  
Minimize 
∑ ∑ ∑ ∑ 𝑊𝑞 𝑠𝑞𝑑𝑝𝑘
−
𝑘 ∈𝐾𝑤𝑝 ∈𝑃 𝑑 ∈ 𝐷𝑞 ∈𝑄 




                                                                                       (24) 
 
This objective replaces the Nurse Assignment phase objective Aw + Bw, (8) and (9), described 
previously. All of the constraints will remain the same for this example. 
4.6.2 Nurse Planning Phase – 6 OR Experiment 
The 6 OR model developed for the Nurse Planning phase uses simulation-based optimization to 
come up with the shift plan resulting in the minimum total cost for a given number of nurses. 
The optimization model finds the shift plan resulting in minimum total cost, shown in Table 1. 
The model finds that 10 nurses is the optimal number and the requirements for each shift are 
shown in the “Nurses Required” column of Table 1. The expected total cost of nurses using this 
configuration of shifts is $16,700, which includes overtime costs and per diem nurses. The total 
surgery lateness is 56.5 hours resulting in a penalty cost of nearly $3400. Figure 5 compares the 
objective function value for the best nurse shift plan configurations for 8 – 15 nurses. Figure 6 
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displays the trade-off between expected total cost and expected total surgery lateness for various 
nurse staffing levels.     
        Table 1: Nurse shift plan 
Shift Days Start End Length 
Nurses 
Required 
1 MTWRF 6:30 AM 3:00 PM 8.5 2 
2 MTWR 6:30 AM 5:00 PM 10.5 0 
3 MTWF 6:30 AM 5:00 PM 10.5 0 
4 MTRF 6:30 AM 5:00 PM 10.5 0 
5 MWRF 6:30 AM 5:00 PM 10.5 0 
6 TWRF 6:30 AM 5:00 PM 10.5 0 
7 MTWRF 7:00 AM 3:30 PM 8.5 0 
8 MTWR 7:00 AM 5:30 PM 10.5 1 
9 MTWF 7:00 AM 5:30 PM 10.5 1 
10 MTRF 7:00 AM 5:30 PM 10.5 1 
11 MWRF 7:00 AM 5:30 PM 10.5 0 
12 TWRF 7:00 AM 5:30 PM 10.5 0 
13 MTWR 9:00 AM 7:30 PM 10.5 0 
14 MTWF 9:00 AM 7:30 PM 10.5 0 
15 MTRF 9:00 AM 7:30 PM 10.5 0 
16 MWRF 9:00 AM 7:30 PM 10.5 0 
17 TWRF 9:00 AM 7:30 PM 10.5 1 
18 MTWRF 9:30 AM 6:00 PM 8.5 1 
19 MTWRF 11:00 AM 7:30 PM 8.5 0 
20 MTWRF 3:00 PM 11:30 PM 8.5 2 
21 MTWRF 11:00 PM 7:30 AM 8.5 1 
 
This 6 OR model shows how one can use the Nurse Planning phase to determine the optimal 
number of nurses for each shift at the minimum cost. For this example, the penalty cost on 
lateness is only $60 per hour. If a hospital decides that this penalty is not harsh enough and the 
model is not producing a service level that is adequate then the cost can be increased causing the 








Figure 6:Trade-off between nursing cost and total surgical lateness under alternative shift plans 
 
The model displays the trade-off between patient lateness and nurse cost as intended. 
Each scenario of the optimization model is run in the simulation where the variability of the 
system can be accounted for. This smaller example of the Nurse Scheduling phase can decide the 


































































constraints imposed by a lateness penalty. This output of nurses for each shift can now be tested 
in the Nurse Assignment phase. 
4.6.3 Nurse Assignment Phase – 6 OR Experiment 
For the Nurse Assignment model in this example, we replace the objective described in 
4.5.3 with the objective described by equation (24). This objective attempts to maximize the total 
periods of each day and week where there is nurse specialty match and maximize average nurse 
satisfaction, only using different terms than the original objective Aw + Bw. The first term of this 
objective aims to minimize the number of periods that a nurse with a different specialty than the 
surgery is working. The second term remains the same by minimizing the negative of, (or 
maximizing), the average satisfaction across all nurses. All other constraints remain the same as 
they are equality constraints except for constraint (11) which must be adjusted to be less than or 
equal to the LSqpdk parameter.  
 The output from the Nurse Planning phase shown in Table 1 is used as an input, 
parameter xjk, describing the exact number of nurses that will work each shift during each week 
of the scheduling period. Using these numbers as well as the block schedule input, which may 
vary from day to day and week to week, the model is run for a 2 week scheduling period and 
assign each nurse to a specific shift. Each nurse, named 1 – 10 for simplicity, is assigned a shift 
from the list in Table 1 for each of the two weeks. Table 2 shows that nurses are given different 
shifts for each week. This is due to the fact that the block schedule, which determines the 
minimum amount of each surgery type that is anticipated for each day, varies each day and each 
week so the optimal schedule for week one will not be optimal in week two. 
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Table 2: Nurse shift assignments for the two week scheduling period 
 
Figure 7 indicates that, for at least 80% of the time periods over the scheduling period, there was 
a nurse available with a matching specialty to the surgery. For some specialties there was always 
a matching nurse available. This output can show hospitals which specialties may require more 
nurses to be trained and help make an argument for cross training. 
 
Figure 7: Nurse coverage of specialty based on block schedule surgical categories 
Week 1 Week 2
Nurse Start End Start End
1 7:00 AM 5:30 PM 11:00 PM 7:30 AM
2 3:00 PM 11:30 PM 6:30 AM 3:00 PM
3 9:30 AM 6:00 PM 7:00 AM 5:30 PM
4 3:00 PM 11:30 PM 6:30 AM 3:00 PM
5 9:30 AM 6:00 PM 7:00 AM 5:30 PM
6 7:00 AM 5:30 PM 9:30 AM 6:00 PM
7 6:30 AM 3:00 PM 3:00 PM 11:30 PM
8 11:00 PM 7:30 AM 9:00 AM 7:30 PM
9 6:30 AM 3:00 PM 3:00 PM 11:30 PM



























Specialty Match w/ Nurses on Duty
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Figure 8: Nurse satisfaction scores before and after shift assignment over the scheduling period 
 
The second portion of the objective function, nurse satisfaction, is displayed in Figure 8. As 
expected, we see that lower nurse satisfaction scores tend to be raised while some of the higher 
satisfaction scores are lowered based on the desirability of the shifts assigned in the current 
scheduling period. Thus, the objective will trend toward a “fair” distribution of shift assignments 
among nurses over time. If we were to continue, the resulting satisfaction scores from this 
scheduling period would serve as an input to the satisfaction scores for the next scheduling 
period. However, this example utilizes a scheduling horizon of only 2 weeks. 
4.6.4 Preliminary Example Conclusion 
 In conclusion, the methods presented in this example provide a two stage approach to 
nurse planning and nurse shift assignment which take into account the variability and uncertainty 

































level by measuring patient lateness, as well as attempt to increase the periods of time with a 
nurse specialty match and increase nurse satisfaction. The example proves that this approach can 
in fact produce a near-optimal schedule for a system with 6 ORs that aims to minimize cost, 
meets service level requirements, and also matches nurses to appropriate surgeries based on 
specialty while considering each nurses individual preference for a shift. The basic principles of 
this example can now be applied to an expanded example that considers twice as many ORs and 
an even more diverse set of shifts. With this larger example, the objectives, parameters, and 
scheduling period of the Nurse Assignment model can be tested in different ways to determine 





 In order to thoroughly test the two phase method described, a series of tests must be 
conducted. The Nurse Planning model will be subjected to further testing by applying the 
solution of the model to systems with altered patient arrival rates and surgery lengths. This will 
determine the flexibility of the solution and find how an adjustment to the sources of variability 
will affect the shift plan. For the Nurse Assignment phase, the model is tested using the output 
from the first phase as well as with a separate set of parameters to prove how the second phase 
can be used independently of the first. Also, a set of three separate objective functions are tested 
to find how their results may differ. A model with a scheduling period of 1 week will be tested 
and analyzed. A model is then tested using different values for α. These scenarios test both 
phases of the methodology separately and together to prove that this form of nurse scheduling is 
efficient at finding the optimal solution while accounting for the variability of the system.  
5.1 Model Setup – 12 OR Experiment 
 For this example, the simulated hospital has a total of 12 Operating Rooms (ORs). There 
are 32 shifts, seen in Table 3, and each shift will be either 8 or 10 hours with a half hour break 
added in each case. Figure 9 displays each of the shifts graphically, showing how they overlap 
with each other to cover the entirety or each day. Both the Nurse planning and Nurse Assignment 
models use this set of shifts to determine how many and which specific nurses will work each 
shift for each week of the time horizon and scheduling period.  
The Nurse Planning model uses the mathematical formulation described in 4.5.2 for the 
simulation-based optimization. The Nurse Assignment model uses the mixed integer program 
described in 4.5.3 to choose the optimal nurse for each shift. It is also assumed that the 
satisfaction score given to each shift, the γ parameter, will be the same for each of the nurses. 
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Also, the level of training, the siq parameter, of each nurse remains constant throughout the 
experiments, with the exception of the 21 nurse experiments adding one more row to the 
parameter for the additional nurse. 
 
Table 3: Shifts for 12 OR example 
Shift Days Start End Hours 
1 MTWRF 6:30 AM 3:00 PM 8.50 
2 MTWR 6:30 AM 5:00 PM 10.50 
3 MTWF 6:30 AM 5:00 PM 10.50 
4 MTRF 6:30 AM 5:00 PM 10.50 
5 MWRF 6:30 AM 5:00 PM 10.50 
6 TWRF 6:30 AM 5:00 PM 10.50 
7 MTWRF 8:30 AM 5:00 PM 8.50 
8 MTWRF 10:30 AM 7:00 PM 8.50 
9 MTWRF 12:30 PM 9:00 PM 8.50 
10 MTWR 2:30 PM 1:00 AM 10.50 
11 MTWF 2:30 PM 1:00 AM 10.50 
12 MTRF 2:30 PM 1:00 AM 10.50 
13 MWRF 2:30 PM 1:00 AM 10.50 
14 TWRF 2:30 PM 1:00 AM 10.50 
15 MTWRF 2:30 PM 11:00 PM 8.50 
16 MTWRF 4:30 PM 1:00 AM 8.50 
17 MTWRF 6:30 PM 3:00 AM 8.50 
18 MTWR 8:30 PM 7:00 AM 10.50 
19 MTWF 8:30 PM 7:00 AM 10.50 
20 MTRF 8:30 PM 7:00 AM 10.50 
21 MWRF 8:30 PM 7:00 AM 10.50 
22 TWRF 8:30 PM 7:00 AM 10.50 
23 MTWRF 8:30 PM 5:00 AM 8.50 
24 MTWRF 10:30 PM 7:00 AM 8.50 
25 MTWR 12:30 AM 11:00 AM 10.50 
26 MTWF 12:30 AM 11:00 AM 10.50 
27 MTRF 12:30 AM 11:00 AM 10.50 
28 MWRF 12:30 AM 11:00 AM 10.50 
29 TWRF 12:30 AM 11:00 AM 10.50 
30 MTWRF 12:30 AM 9:00 AM 8.50 
31 MTWRF 2:30 AM 11:00 AM 8.50 




Figure 9: All shifts shown over one week time period 
 The assignment model collects data for a 12 week scheduling horizon for each 
experiment with values of: α = 0.7, θ1 = θ2 = 1, and β = 1, unless otherwise stated.  
5.2 Nurse Planning – 12 OR Experiment 
 This phase of the methodology is experimented on to answer three questions: how many 
nurses are required to work each shift, what is the minimum total cost subject to the service level 
constraints imposed on the model, and how does the simulation handle variability in the system?  
5.2.1 Simulation-Based Optimization – 12 OR Experiment 
 To find the optimal number of nurses to work each shift as well as the minimum total 











































described in 5.1 as well as the patient arrival rate and variable surgery lengths described in 4.4.1, 
the model can be run to optimality with the following result: 
Table 4: Nurse Scheduling Plan – 12 OR example 
Shift Days Start End Hours Nurses Required Satisfaction Score 
1 MTWRF 6:30 AM 3:00 PM 8.5 12 1.0 
 
 
2 MTWR 6:30 AM 5:00 PM 10.5 0 0.9 
3 MTWF 6:30 AM 5:00 PM 10.5 0 0.8 
4 MTRF 6:30 AM 5:00 PM 10.5 0 0.8 
5 MWRF 6:30 AM 5:00 PM 10.5 0 0.8 
6 TWRF 6:30 AM 5:00 PM 10.5 0 0.9 
7 MTWRF 8:30 AM 5:00 PM 8.5 0 0.8 
8 MTWRF 10:30 AM 7:00 PM 8.5 0 0.7 
9 MTWRF 12:30 PM 9:00 PM 8.5 8 0.5 
10 MTWR 2:30 PM 1:00 AM 10.5 0 0.7 
11 MTWF 2:30 PM 1:00 AM 10.5 0 0.6 
12 MTRF 2:30 PM 1:00 AM 10.5 0 0.6 
13 MWRF 2:30 PM 1:00 AM 10.5 0 0.6 
14 TWRF 2:30 PM 1:00 AM 10.5 0 0.7 
15 MTWRF 2:30 PM 11:00 PM 8.5 0 0.3 
16 MTWRF 4:30 PM 1:00 AM 8.5 0 0.5 
17 MTWRF 6:30 PM 3:00 AM 8.5 0 0.2 
18 MTWR 8:30 PM 7:00 AM 10.5 0 0.4 
19 MTWF 8:30 PM 7:00 AM 10.5 0 0.3 
20 MTRF 8:30 PM 7:00 AM 10.5 0 0.3 
21 MWRF 8:30 PM 7:00 AM 10.5 0 0.3 
22 TWRF 8:30 PM 7:00 AM 10.5 0 0.4 
23 MTWRF 8:30 PM 5:00 AM 8.5 1 0.4 
24 MTWRF 10:30 PM 7:00 AM 8.5 0 0.5 
25 MTWR 12:30 AM 11:00 AM 10.5 0 0.3 
26 MTWF 12:30 AM 11:00 AM 10.5 0 0.1 
27 MTRF 12:30 AM 11:00 AM 10.5 0 0.1 
28 MWRF 12:30 AM 11:00 AM 10.5 0 0.2 
29 TWRF 12:30 AM 11:00 AM 10.5 0 0.3 
30 MTWRF 12:30 AM 9:00 AM 8.5 0 0.4 
31 MTWRF 2:30 AM 11:00 AM 8.5 0 0.2 
32 MTWRF 4:30 AM 1:00 PM 8.5 0 0.4 
 
 The model produces the shift plan, the exact number of nurses to work each shift over the 
time horizon, shown in the “Nurses Required” column of Table 4. This combination of shifts is 
chosen to cover each day of each week, ensuring that a minimum of one nurse is on duty at any 
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time and that at least 12 nurses, one for each OR, are working during the peak hours of demand. 
The shift coverage is shown in Figure 10 below: 
 
 
The model ran a minimum of 5 replications for each combination of shifts and nurses. This 
applies each shift plan to the simulation five times over, each time being subjected to slightly 
different values due to the variability of the system. Allowing the shift plans to be subjected to 
this variability is important when trying to determine a schedule for a hospital system which will 
have similar variability.  
 The second portion of the model is determining the minimum cost, accounting for the 
service level constraints of the system. In this example, a penalty cost of $120 is assigned to each 
cumulative hour that the patients are late for their surgery. Lateness is described as the difference 
between a patients actual start time and their schedules start time. Figure 11 shows the tradeoff 







































Just as in the 6 OR model, the relationship between number of nurses, cost, and patient 
lateness is as expected; as the number of nurses increases, the total cost of the nurses also 
increases while the total surgery lateness decreases. If one were to use only one of these costs to 
make a decision, the other cost would suffer greatly. That is why the objective function of this 
model accounts for both costs. By adding the total cost of nurses to the penalty cost associated 
with lateness, the objective can choose a solution that will give the system the minimum cost for 
nurses subject to the service level (patient lateness) required. Figure 12 shows that the model 
found 21 nurses, working the shifts described in Table 4, to be the minimum total cost to the 
system. With more nurses, the added reduction of patient lateness does not outweigh the cost of 
the extra nurses. Using fewer nurses results in too high a penalty cost due to patient lateness.  
 



















Nurse Cost vs Lateness
Total Lateness ($) Total Cost ($)
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Figure 12: Objective function values for alternative shift plans 
5.2.2 Variability Experimentation 
 It is important to test how the solution would react to a system that does not behave 
exactly as described in the simulation. To test this, the solution from 5.2.1 is subjected to 
different values of surgery length as well as arrival time to see how a change in the variable 
portions of the model will affect the outcome of the solution. 
 The simulation model is run at 75%, 90%, 110%, and 125% of the standard surgery time. 
Then, the arrival rate is adjusted using the same percentages. The total cost of the nurses in all 
cases will remain the same since the number of nurses and the shifts they will be working is 
fixed for this portion of the experiment. Table 5 describes the results of this testing. As expected, 
the lower than average surgery time resulted in the total lateness being reduced. This is because 
each nurse will be required for less time than anticipated by the original model allowing them 
more time to care for patients. The smaller arrival rate also resulted in smaller total lateness and 
up to 11% reduction in total cost since the actual number of patients is less than the optimization 
model anticipated. For both the surgery length and arrival rate tests where the value was larger 

























average surgery time is 10% larger than initially projected, the model realizes a 13% increase in 
penalty cost due to lateness. In the worst case, where the arrival rate is 25% greater, the penalty 
cost due to lateness increases by 163%.  
This test of the of the solution generated by the model indicates that if the estimations for 
surgery time and arrival rate are greater than the actual values of the system, the solution will 
provide adequate coverage to meet the service level goals. However, if the actual system realizes 
just a 10% increase surgery time, the penalty cost due to patient lateness will increase by 13%. 
Any increase in surgery time or arrival rate that is larger than 10% will incur an additional 
penalty from patient lateness that is far too great to accept and a new solution would need to be 
found. 











Original 4.9983 628 52.32 $41,977 
75% Surgery Time 1.1312 628 11.84 $37,120 
90% Surgery Time 2.2955 628 24.03 $38,583 
110% Surgery Time 9.4117 628 98.51 $47,521 
125% Surgery Time 26.3481 628 275.78 $68,793 
75% Arrival Rate 1.8448 467 14.36 $37,423 
90% Arrival Rate 2.6265 555 24.30 $38,615 
110% Arrival Rate 10.1653 680 115.21 $49,524 
125% Arrival Rate 47.9984 776 620.78 $110,193 
 
5.3 Nurse Assignment – 12 OR Experiment 
 The experimentation on the 12 OR Nurse Assignment model is twofold. First, the model 
takes the output from the Nurse Planning phase as an input. Using this data, as well as a modified 
block schedule describing the minimum number of nurses required for each specialty each period 
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of each day of the time horizon, the model finds the optimal assignment of nurses to shifts 
accounting for their specialty as well as desire or satisfaction for each shift. The second series of 
testing will use a total of 20 nurses given a separate set of shifts to work. This model is subjected 
to a variety of tests: different objective functions, changes in time horizon, and changes to input 
parameter weight α. Testing the model in this way shows how this phase can be used without any 
input from the Nurse Planning phase as each phase is run independently of the other. It also 
displays the flexibility of the Nurse Assignment model; by testing under a variety of objectives, 
time horizons, and input parameter weights, the robustness of this methodology can be 
discovered. Assume that objective Aw + Bw, equations (8) and (9), is used unless otherwise 
stated. 
5.3.1 Nurse Planning Input 
 To show the value of combining both phases of the methodology, this first experiment 
uses the output from the previous phase as an input to the Nurse Assignment model. The number 
of nurses required for each shift and each week is stored as parameter xjw in the model. From 
there, the model assigns each of the 21 nurses to a shift ensuring that the total number of nurses 
for each shift matches the number given by the xjw parameter for each of the 2 weeks in the 
scheduling period. This means, as seen in Table 4, that a total of 12 nurses are assigned to shift 1, 
8 nurses assigned to shift 9, and 1 nurse assigned to shift 23. The satisfaction scores given to 
shifts 1, 9, and 23 are 1, 0.5, and 0.4 respectively. Using this information, the shifts that each 
nurse is working during each week can be derived from Table 6, which describes each nurse’s 
satisfaction during each of the 12 weeks in the scheduling horizon. For this example, a new two 
week shift assignment is generated each time the model is run; although the model is only run 6 
times, a total of 12 weeks have been scheduled. 
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The objective of this model is to maximize the average satisfaction of the nurses while 
also maximizing the percentage of time that a surgery is conducted by a nurse with a matching 
specialty. Table 6 describes only the satisfaction of each individual nurse during each week. 
These values do not account for satisfaction of any previous schedules. Using the ρiw parameter, 
the model can account for each of the previous shifts assigned to each of the nurses.  





1 2 3 4 5 6 7 8 9 10 11 12 
Nurse 1 0.5 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 2 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 3 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 4 1 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 
Nurse 5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 6 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 7 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 8 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 9 1 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 
Nurse 10 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 11 0.5 1 1 1 1 1 1 1 1 1 1 1 
Nurse 12 0.4 0.4 1 1 1 1 1 1 1 1 1 1 
Nurse 13 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 14 0.5 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 
Nurse 15 0.5 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 
Nurse 16 1 0.5 1 1 1 1 1 1 1 1 1 1 
Nurse 17 1 1 1 0.4 1 0.4 1 0.4 1 0.4 1 0.4 
Nurse 18 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 19 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 20 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 21 1 1 1 1 1 1 1 1 1 1 1 1 
 
Figure 13 displays the value of this parameter at the end of each scheduling period. The 
ending value of ρiw becomes an input to the next run of the model as the ρiw-1 parameter, ensuring 
that all previous shift assignments and their associated satisfaction score are accounted for each 
time the model is run. Because the model is aiming to maximize the average satisfaction over all 
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21 nurses, the ρiw values of each nurse tend toward some constant value. This means that some 
nurses are constantly receiving the shift with the highest satisfaction rating while other nurses are 
receiving shifts with the lowest satisfaction rating. However, the average satisfaction is 
maximized at a value of 0.78.  
 
 
Figure 13: ρiw value at the end of each 2 week shift assignment 
 
 The other portion of the objective is aiming to maximize the percentage of time that a 
surgery has a nurse with a matching specialty. For this example, each of the nurses are trained in 
2 to 4 surgical specialty areas; it is assumed any nurse can perform all tasks, the specialty refers 
to an area of study that the nurse feels more comfortable in. Figure 14 describes the percentage 
of time the specialty of the surgery and nurse matched over a scheduling period.  Perhaps due to 



























Nurse 1 Nurse 2 Nurse 3 Nurse 4 Nurse 5 Nurse 6 Nurse 7
Nurse 8 Nurse 9 Nurse 10 Nurse 11 Nurse 12 Nurse 13 Nurse 14
Nurse 15 Nurse 16 Nurse 17 Nurse 18 Nurse 19 Nurse 20 Nurse 21
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each specialty was always matched with a nurse containing that training with the exception of 
Urology and Orthopedic, which were matched 91% of the time. Each of the 6 two week shift 
assignments produced by the model resulted in this same level of specialty match.  
 
Figure 14: Percentage of surgery match with nurses on duty for two week scheduling period 
 
 Since one of the main goals of this method is to account for nurse satisfaction in a “fair” 
way, it is important to look at some different objective functions that account for the individual 
nurses rather than simply the average satisfaction. One such objective function, Aw + Cw, gives a 
weight to each specific nurse based on their satisfaction in the previous scheduling period.  
Maximize: 
𝐴𝑤 +  𝐶𝑤       ∀       𝑤 𝜖 𝑊                                                                                                                
where: 
 
𝐴𝑤  =  θ1 ∗ ∑ ∑ ∑ ∑
𝑉𝑞
∑ 𝑉𝑞𝑞∈𝑄
 ∗  




𝑘 ∈𝐾𝑤𝑝 ∈𝑃 𝑑 ∈ 𝐷 𝑞 ∈𝑄
                                                     (8) 
  




                                                                                                                      (21) 













Surgery Match with Nurses on Duty
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All constraints of the model remain the same for this formulation. This objective function utilizes 
the same formulation for maximizing the specialty match of surgeries and nurses. However, the 
satisfaction portion attaches a weight of (1-ρiw-1) to each individual nurse. This means that if a 
nurse was given a shift with a low satisfaction score in the previous scheduling period, her 
portion of the objective function will be weighted higher in the current scheduling period. For 
example, if her satisfaction was 0.2 in the previous period, her ρiw-1 = 0.2 this period and her 
portion of the objective function will be weighted by 0.8. This ensures that nurses will not 
receive a poor schedule for each week of the 12 week scheduling horizon making the resulting 
schedule more “fair” in one sense of the word.  





1 2 3 4 5 6 7 8 9 10 11 12 
Nurse 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1 1 
Nurse 2 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1 1 
Nurse 3 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1 1 
Nurse 4 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1 1 
Nurse 5 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1 1 
Nurse 6 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1 1 
Nurse 7 0.4 0.4 1 1 1 1 1 1 1 1 0.4 0.4 
Nurse 8 1 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 
Nurse 9 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1 1 
Nurse 10 1 1 0.4 0.4 1 1 1 1 1 1 1 1 
Nurse 11 1 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 
Nurse 12 1 1 0.5 0.5 1 1 0.5 0.5 1 1 1 1 
Nurse 13 1 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 
Nurse 14 1 1 1 1 0.4 0.4 1 1 1 1 0.5 0.5 
Nurse 15 1 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 
Nurse 16 1 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 
Nurse 17 1 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 
Nurse 18 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1 1 
Nurse 19 1 1 1 1 1 1 0.4 0.4 1 1 1 1 
Nurse 20 1 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 
Nurse 21 1 1 1 1 1 1 1 1 0.4 0.4 1 1 
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Figure 15: ρiw value at the end of each 2 week shift assignment using objective Aw + Cw 
 
Figure 15 shows how, because of the new objective weighting nurses individually, no nurse is 
consistently receiving a low satisfaction score. Although the average satisfaction reaches the 
same value as the first objective as 0.78 by the end of the 12 weeks, the distribution of shifts 
creates a more “fair” schedule for the nurses. This model does require the nurses to switch shifts 
quite often, sometimes every single week. Some may prefer working a constant shift each week 
rather than switching in which case the original objective Aw + Bw would provide a better 
solution. The specialty match associated with this objective function behaves exactly the same as 
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 Another option for an objective function is to maximize the minimum satisfaction score 
during each two week scheduling period. Using a maximin formulation, the following objective 
function will be tested: 
Maximize: 
𝐴𝑤 +  𝐷𝑤           ∀       𝑤 𝜖 𝑊                                                                                                                
where: 
 
𝐴𝑤  = θ1 ∗ ∑ ∑ ∑ ∑
𝑉𝑞
∑ 𝑉𝑞𝑞∈𝑄
 ∗  




𝑘 ∈𝐾𝑤𝑝 ∈𝑃 𝑑 ∈ 𝐷 𝑞 ∈𝑄
                                                      (8) 
  
 
 𝐷𝑤  =   θ2 ∗  𝑡𝑤                                                                                                                                          (22) 
 
Subject to Constraints (10) – (20) and: 
𝑡𝑤  ≤   𝜌𝑖𝑤      ∀      𝑖 𝜖 𝐼, 𝑤 𝜖 𝑊                                                                                                               (23)   
 
Again, the first portion of the objective function remains the same. For this formulation a new 
constraint (23) must be added as part of the maximin formulation. The model attempts to 
maximize tw but it must be less than even the lowest ρiw for every nurse i in every scheduling 
period w. This model accounts for the individual nurses but does not give weight to them based 
on previous shifts they have worked. Instead the model simply tries to maximize the satisfaction 
score with the lowest value during each 2 week scheduling period.  Similar to objective Aw + Cw, 
this will cause many nurse to work different shifts week after week. Table 8 displays the 
satisfaction score associated with each nurse and each week of the 12 week scheduling horizon 
for this objective. Where this objective differs from either of the other objectives is within each 2 
week shift assignment; nurses often do not work the same shift for each of the 2 weeks that the 
model schedules for which results is a higher overall satisfaction score for the nurses in the long 
run. 
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1 2 3 4 5 6 7 8 9 10 11 12 
Nurse 1 0.5 1 1 0.5 0.5 1 1 0.5 1 0.5 1 0.5 
Nurse 2 1 0.5 0.5 1 1 0.5 0.5 1 0.5 1 0.5 1 
Nurse 3 0.5 1 1 0.5 0.5 1 0.5 1 0.5 1 1 0.5 
Nurse 4 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 
Nurse 5 0.5 1 1 0.5 0.5 1 1 0.5 1 0.5 1 0.5 
Nurse 6 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 
Nurse 7 0.4 1 1 1 1 0.4 1 1 0.4 1 1 1 
Nurse 8 0.5 1 0.5 1 0.5 1 1 0.5 0.5 1 0.5 1 
Nurse 9 0.5 1 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 
Nurse 10 0.5 1 1 1 0.4 1 0.5 1 0.5 1 1 1 
Nurse 11 1 0.5 0.5 1 1 0.5 0.5 1 0.5 1 0.5 1 
Nurse 12 1 0.4 0.5 1 1 1 1 0.4 1 1 0.5 1 
Nurse 13 0.5 1 1 0.5 0.5 1 1 0.5 1 0.5 1 0.5 
Nurse 14 1 0.5 1 1 0.5 1 1 1 1 0.4 1 1 
Nurse 15 1 0.5 0.5 1 1 0.5 0.5 1 0.5 1 0.5 1 
Nurse 16 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 
Nurse 17 1 0.5 0.5 1 1 0.5 0.5 1 0.5 1 0.5 1 
Nurse 18 1 0.5 1 0.5 1 0.5 0.5 1 1 0.5 1 0.5 
Nurse 19 1 1 0.4 1 1 1 0.4 1 1 1 1 0.4 
Nurse 20 1 1 0.5 1 0.5 1 1 0.5 1 0.5 0.5 1 
Nurse 21 1 1 1 0.4 1 1 1 1 1 1 0.4 1 
 
Another visible difference between this model and the others is shown in Figure 16. The original 
objective maximizing average satisfaction showed the nurses having a wide range between the 
maximum satisfaction and minimum satisfaction. Objective (22) reduced this gap slightly but 
still resulted in nurses reaching a weighted satisfaction score as low as 0.58 out of 1.00. Using 
this objective Aw + Dw, the gap between the maximum and minimum ρiw value across all nurses 
is only as high as 0.24. Although nurses rarely reach a perfect satisfaction score using this model, 
the minimum weighted satisfaction score is always higher than when the other objective 
functions were used. Again, the specialty match result was identical to Figure 14.  
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Figure 16: ρiw value at the end of each 2 week shift assignment using objective Aw + Dw 
 
Figure 17 describes the time-weighted satisfaction level of Nurse 20 resulting from each 
of the three objective functions. For this specific nurse, Objective Aw + Bw results in a relatively 
low satisfaction level for each week in the scheduling horizon. Objective Aw + Cw fluctuates 
between moderate and high levels of satisfaction for Nurse 20 but is consistently higher than the 
first objective function. And Objective Aw + Dw results in a constantly high satisfaction level for 
nurse 20. Each nurse has her own satisfaction level for each week when using different objective 
functions. However, if nurse 20 is used as a representation of all nurses, it is clear that Objective 
Aw + Bw produces the lowest level of satisfaction and would not be a good choice of objective 
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Figure 17: ρiw Weighted Satisfaction of Nurse 20 using Different Objectives 
 
The range of satisfaction level, that is the maximum minus the minimum satisfaction 
level, is another way to compare the results of the three objective functions. Figure 18 displays 
how Objective Aw + Bw results in a large range of satisfaction level. This means that at least one 
nurse is consistently having a satisfaction level that is about 0.5 higher than at least one other 
nurse. The other objectives each reduce that range with the smallest range of approximately 0.2 
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Additional data tables can be found in Appendix 3. 
5.3.2 Various Parameter Testing – 20 Nurses 
 To show how the model works independently of input from the first phase, a 20 nurse 
example is tested. For this example, the number of required nurses for each shift is given by a 
random set not generated by any model, shown in Table 9:  
Table 9: Shift requirements for 12 OR example with 20 nurses 
Shift Days Start End Hours Nurses Required Satisfaction Score 
1 MTWRF 6:30 AM 3:00 PM 8.5 4 1.0 
 
 
2 MTWR 6:30 AM 5:00 PM 10.5 0 0.9 
3 MTWF 6:30 AM 5:00 PM 10.5 0 0.8 
4 MTRF 6:30 AM 5:00 PM 10.5 0 0.8 
5 MWRF 6:30 AM 5:00 PM 10.5 0 0.8 
6 TWRF 6:30 AM 5:00 PM 10.5 0 0.9 
7 MTWRF 8:30 AM 5:00 PM 8.5 0 0.8 
8 MTWRF 10:30 AM 7:00 PM 8.5 2 0.7 
9 MTWRF 12:30 PM 9:00 PM 8.5 3 0.5 
10 MTWR 2:30 PM 1:00 AM 10.5 0 0.7 
11 MTWF 2:30 PM 1:00 AM 10.5 2 0.6 
12 MTRF 2:30 PM 1:00 AM 10.5 0 0.6 
13 MWRF 2:30 PM 1:00 AM 10.5 0 0.6 
14 TWRF 2:30 PM 1:00 AM 10.5 0 0.7 
15 MTWRF 2:30 PM 11:00 PM 8.5 0 0.3 
16 MTWRF 4:30 PM 1:00 AM 8.5 0 0.5 
17 MTWRF 6:30 PM 3:00 AM 8.5 0 0.2 
18 MTWR 8:30 PM 7:00 AM 10.5 0 0.4 
19 MTWF 8:30 PM 7:00 AM 10.5 0 0.3 
20 MTRF 8:30 PM 7:00 AM 10.5 0 0.3 
21 MWRF 8:30 PM 7:00 AM 10.5 0 0.3 
22 TWRF 8:30 PM 7:00 AM 10.5 0 0.4 
23 MTWRF 8:30 PM 5:00 AM 8.5 3 0.4 
24 MTWRF 10:30 PM 7:00 AM 8.5 2 0.5 
25 MTWR 12:30 AM 11:00 AM 10.5 0 0.3 
26 MTWF 12:30 AM 11:00 AM 10.5 0 0.1 
27 MTRF 12:30 AM 11:00 AM 10.5 0 0.1 
28 MWRF 12:30 AM 11:00 AM 10.5 2 0.2 
29 TWRF 12:30 AM 11:00 AM 10.5 0 0.3 
30 MTWRF 12:30 AM 9:00 AM 8.5 1 0.4 
31 MTWRF 2:30 AM 11:00 AM 8.5 1 0.2 
32 MTWRF 4:30 AM 1:00 PM 8.5 0 0.4 
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This shows how the model can adjust to accommodate any shift plan and still find the 
optimal assignment of each nurse to each shift. The only restriction to the set is that the number 
of required nurses must equal the number of nurses to be assigned shifts; if there are 25 nurses 
who need a shift and only 20 required nurses then the model cannot be solved because it must 
assign a shift to each nurse. It is not a requirement that the shifts chosen cover all hours of the 
day or that they provide enough nurses to cover the minimum number of nurses with specific 
specialties for each period of the day.  
5.3.2.1 Base Model with Objective Aw + Bw 
To compare with the 21 nurse example, the model is first run using the initial model 
formulation described in 4.5.3. Because many more different shifts are used in this model, the 
satisfaction scores have a much larger range. Also, the average satisfaction score of the shifts is 
much lower as some of the shifts are less desirable than in the previous 21 nurse example. Table 
10 displays how this model maximizes the average satisfaction of all nurses by assigning shifts 
with the same satisfaction score to the same nurses every two week scheduling period. That is, 
for every odd number week a nurse works one shift and for every even number week the nurse 
works another shift. It could be the case that the nurse is working a different shift every two 
weeks however her satisfaction score for those shifts are equivalent and thus her satisfaction will 
not increase. Also, for some nurses the assignment is to work the same shift each of the 12 
weeks.  
 Figure 19 describes the weighted satisfaction of each nurse over all 6 of the two week 
scheduling periods. As in the 21 nurse example, this formulation of the model gives each nurse 
the same assignments for each 2 week scheduling period ultimately resulting in a constant 
satisfaction rate. Although the average satisfaction is maximized for all nurses, some nurses 
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consistently receive below average satisfaction ratings. Figure 20 shows that the level of training 
of the nurses seems to be adequate and the assignments result in at least 88% of cases matching 
their specialty with a nurse on duty. Many of the specialties always have a nurse that has been 
trained working during the surgery of that type. The percentage of specialties that were covered 
was the same for each of the 6 two week scheduling periods, only one scheduling period is 
displayed in Figure 20. 
 





1 2 3 4 5 6 7 8 9 10 11 12 
Nurse 1 0.5 0.7 0.5 0.7 0.5 0.7 0.5 0.7 0.5 0.7 0.5 0.7 
Nurse 2 0.7 0.2 0.7 0.2 0.7 0.2 0.7 0.2 0.7 0.2 0.7 0.2 
Nurse 3 0.2 0.5 0.2 0.5 0.2 0.5 0.2 0.5 0.2 0.5 0.2 0.5 
Nurse 4 0.7 1 0.7 1 0.7 1 0.7 1 0.7 1 0.7 1 
Nurse 5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 6 0.6 0.2 0.6 0.2 0.6 0.2 0.6 0.2 0.6 0.2 0.6 0.2 
Nurse 7 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
Nurse 8 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
Nurse 9 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 
Nurse 10 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 11 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 12 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 
Nurse 13 0.2 0.7 0.2 0.7 0.2 0.7 0.2 0.7 0.2 0.7 0.2 0.7 
Nurse 14 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 
Nurse 15 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 
Nurse 16 0.2 0.5 0.2 0.5 0.2 0.5 0.2 0.5 0.2 0.5 0.2 0.5 
Nurse 17 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 18 1 0.6 1 0.6 1 0.6 1 0.6 1 0.6 1 0.6 
Nurse 19 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 




Figure 19: ρiw value at the end of each 2 week scheduling period 
 
 
Figure 20: Percentage of surgery match with nurses on duty for two week scheduling period 
 
 A similar experiment using objective Aw + Bw and a scheduling period, w, of 1 week can 
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5.3.2.2 Objective Aw + Cw 
 Since this formulation of the model gives several nurses below average satisfaction 
ratings, it is important to test the 20 nurse model using an objective that accounts for the nurses 
in a more individual manner. Below is one such objective that was tested previously: 
Maximize: 
𝐴𝑤 +  𝐶𝑤         ∀      𝑤 𝜖 𝑊                                                                                                                
where: 
 
𝐴𝑤  =  θ1 ∗ ∑ ∑ ∑ ∑
𝑉𝑞
∑ 𝑉𝑞𝑞∈𝑄
 ∗  




𝑘 ∈𝐾𝑤𝑝 ∈𝑃 𝑑 ∈ 𝐷 𝑞 ∈𝑄
                                                     (8) 
 
  





                                                                                                                      (21) 
Subject to Constraints (10) – (20). 
Using this objective, the same set of data is run through the model to determine how satisfaction 
and nurse specialty match is affected. It is expected that, just as in the 21 nurse model, the 
difference between maximum and minimum weighted nurse satisfaction will decrease and no 
one nurse will be subjected to working the lease satisfactory shift throughout the entirety of the 
12 week time horizon. Also, as seen in Table 11, a nurse who receives a low average satisfaction 
for one two week scheduling period will receive a high average satisfaction score during the next 
two week period. For example, Nurse 1 worked a shift with satisfaction 0.2 for weeks 1 and 2 
but was assigned a shift with satisfaction 1.0 for weeks 3 and 4. Although this result may not be 











1 2 3 4 5 6 7 8 9 10 11 12 
Nurse 1 0.2 0.2 1 1 0.2 0.2 1 1 0.2 0.2 1 1 
Nurse 2 0.2 0.4 1 1 0.2 0.2 1 1 0.2 0.2 1 1 
Nurse 3 0.2 0.2 0.5 0.5 0.2 0.5 0.5 0.5 0.2 0.5 0.5 0.5 
Nurse 4 0.7 0.7 0.5 0.2 0.7 1 0.5 0.2 0.7 1 0.5 0.2 
Nurse 5 0.5 0.5 0.7 0.7 0.5 0.5 0.7 0.7 0.5 0.5 0.7 0.7 
Nurse 6 0.6 0.2 0.6 0.5 0.6 0.6 0.6 0.5 0.6 0.6 0.6 0.5 
Nurse 7 0.4 0.4 0.4 0.4 0.6 0.5 0.4 0.4 0.6 0.5 0.4 0.4 
Nurse 8 0.4 0.4 0.4 0.4 0.5 0.4 0.4 0.4 0.5 0.4 0.4 0.4 
Nurse 9 0.4 0.6 0.5 0.6 0.4 0.6 0.5 0.6 0.4 0.6 0.5 0.6 
Nurse 10 0.4 0.4 0.5 0.5 0.4 0.4 0.4 0.5 0.5 0.5 0.4 0.4 
Nurse 11 1 0.5 0.2 0.2 1 1 0.2 0.2 1 1 0.2 0.2 
Nurse 12 0.5 0.5 0.4 0.5 0.4 0.4 0.5 0.5 0.4 0.4 0.5 0.5 
Nurse 13 0.7 0.5 0.6 0.5 0.7 0.7 0.4 0.5 0.7 0.7 0.4 0.5 
Nurse 14 0.6 0.5 1 1 0.4 0.4 1 1 0.4 0.4 1 1 
Nurse 15 1 1 0.2 0.4 1 1 0.2 0.4 1 1 0.2 0.4 
Nurse 16 0.5 0.7 0.7 0.7 0.5 0.5 0.7 0.7 0.5 0.5 0.7 0.7 
Nurse 17 1 1 0.2 0.2 1 1 0.2 0.2 1 1 0.2 0.2 
Nurse 18 1 1 0.5 0.6 1 0.7 0.5 0.6 1 0.7 0.5 0.6 
Nurse 19 0.5 1 0.4 0.4 0.5 0.5 0.6 0.4 0.4 0.4 0.6 0.5 
Nurse 20 0.5 0.6 1 1 0.5 0.2 1 1 0.5 0.2 1 1 
 
Figure 21 shows graphically how the weighted satisfaction of each nurse is much more variable 
than in the original model. With the weight being inversely linked to satisfaction in the previous 
scheduling period, nurses are able to receive better schedules on average. The constant switching 
of schedules to accommodate satisfaction does have an impact on the specialty match portion of 
the objective. Figure 22 shows that some specialties fluctuated between different percentages of 
nurse matching but all remained above 80% for the entire 12 week scheduling horizon.  
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Figure 21: ρiw value at the end of 2 week shift assignment for objective Aw + Cw and 20 nurses 
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5.3.2.3 Objective Aw + Cw with 1 week scheduling period 
 Another important test is how the model will react to an adjustment in the scheduling 
period. In all previous examples, the model assigned shifts to nurses for two weeks each time it 
was run. This next example will test the outcome when that scheduling period is reduced to only 
one week. The model will be run 12 times instead of 6 which should result in even more 
fluctuation of shift assignments for nurses.  The results are displayed in Table 12, Figure 21, and 
Figure 22. 
 





1 2 3 4 5 6 7 8 9 10 11 12 
Nurse 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 1 
Nurse 2 0.2 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 1 
Nurse 3 0.2 0.5 0.2 1 0.2 0.5 0.2 1 0.2 0.5 0.2 1 
Nurse 4 0.7 0.5 0.7 0.5 0.7 0.5 0.7 0.5 0.7 0.5 0.7 0.5 
Nurse 5 0.5 0.7 0.5 0.7 0.5 0.7 0.5 0.7 0.5 0.7 0.5 0.7 
Nurse 6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
Nurse 7 0.4 0.4 0.6 0.4 0.5 0.4 0.6 0.4 0.5 0.4 0.6 0.4 
Nurse 8 0.4 0.4 0.5 0.5 0.4 0.5 0.4 0.5 0.5 0.4 0.5 0.5 
Nurse 9 0.4 0.5 0.4 0.7 0.4 0.5 0.4 0.7 0.4 0.5 0.4 0.7 
Nurse 10 0.4 0.5 0.4 1 0.4 0.4 0.5 1 0.4 0.4 0.5 1 
Nurse 11 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 
Nurse 12 0.5 0.4 0.5 0.5 0.5 0.4 0.5 0.5 0.4 0.5 0.4 0.5 
Nurse 13 0.7 0.4 0.7 0.4 0.7 0.4 0.7 0.4 0.7 0.4 0.7 0.4 
Nurse 14 0.6 1 0.4 0.4 0.6 1 0.4 0.4 0.6 1 0.4 0.4 
Nurse 15 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 
Nurse 16 0.5 0.7 0.5 0.5 0.5 0.7 0.5 0.5 0.5 0.7 0.5 0.5 
Nurse 17 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 1 0.2 
Nurse 18 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 
Nurse 19 0.5 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 
Nurse 20 0.5 1 0.5 0.4 0.5 1 0.5 0.4 0.5 1 0.5 0.4 
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Surgery Match with 20 Nurses on Duty by 1 Week Scheduling Period
General Neurosurgery Vascular Urology Colo-rectal Orthopedic
ENT Gyenecology Plastic Opthamalogy Dental
Figure 24: Percentage of surgery match with 20 nurses on duty for each week 
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Table 12 shows what was expected. That is, each nurse who had a low satisfaction score 
one week has a high satisfaction score the following week, and vice versa. This constant 
switching affects both Figure 23 and Figure 24. The weighted satisfaction, ρiw, is adjusted each 
week for each nurse, which causes the difference between the maximum and minimum scores to 
fluctuate as well. The maximum difference between scores in this example is 0.61 and the 
minimum difference was 0.44. Because this model is making adjustments each week, the 
satisfaction of each nurse is not averaged over a two week period and so her dissatisfaction does 
not last as long as in previous models. This does adversely affect the specialty match portion of 
the model. Because nurses are switching shifts each week, the percentage of specialties with 
matching nurses also fluctuates each week. If the goal is to ensure that each specialty has a nurse 
with that training 85% of the time then this solution would not be adequate. Some weeks the 
nurse specialty match drops as low as 81% for certain surgical categories. This shows the 
tradeoff between nurse satisfaction and the surgical specialty match; as you adjust the model to 
accommodate a higher level of satisfaction, the percentage of nurses matching the surgery 
specialties each week will drop.  
 This experiment can also be compared to the experiment found in Appendix 6 which 
displays how the Aw + Bw objective reacts to a 1 week scheduling period. 
5.3.2.4 Objective Aw + Cw with α = 0.3 
 Another adjustment that can be made to the model is to the weights: α, β, and θ. These 
weights can be manipulated to better suit the needs of each system being modeled. For example, 
if nurse satisfaction is a higher priority than surgical specialty matching, the θ2 weight can be 
increased to make the satisfaction portion of the objective more significant. Or, if there is a 
measure of seniority amongst nurses and it is important to capture that when accounting for 
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satisfaction, the β weight can be given a subscript of i and a specific weight can be given to each 
nurse depending on their years of service: if a nurse has worked for 10 years at the hospital she 
may receive a weight of 1.0 where as a nurse who has just started could receive a weight of 0.2. 
In this next example we will adjust the α weight which controls how relevant the previous 
scheduling periods are during the current period. If α takes a value of 1.0, then the model will not 
consider any of the previous shift assignments and the nurses corresponding satisfaction when 
making its assignment for the current period. As α decreases, the model gives more weight to the 
past satisfaction scores of the nurses. All previous models have used α = 0.7.  
For this example the α will be set at 0.3, meaning that previous satisfaction scores of 
nurses will be weighted much more heavily. We will also return to the 2 week scheduling period 
(w = 2). One would expect for nurses who start at a low level of satisfaction to take a longer time 
to increase their weighted satisfaction because that initial low satisfaction will be weighted more 
heavily. This is shown in Figure 25 because the change from one scheduling period to the next is 
not as drastic as in previous models due to the new weight on past satisfaction. Even when a 
nurse receives a much better schedule, the previous bad schedules reduce her weighted 
satisfaction score.  
Table 13 indicates that nurses do switch schedules but often in a less predictable way 
than in previous examples. Because each nurse’s satisfaction is weighted by her initial 
satisfaction, the schedule she receives in each two week scheduling period will not adjust her 





Figure 25: ρiw value at the end of each 2 week shift assignment; objective Aw + Cw and α = 0.3 
 
 





1 2 3 4 5 6 7 8 9 10 11 12 
Nurse 1 0.2 0.5 0.2 0.5 0.2 0.5 1 0.5 0.2 0.5 1 1 
Nurse 2 0.2 0.5 0.2 0.2 0.7 1 0.2 0.5 0.7 0.7 0.2 0.4 
Nurse 3 0.2 0.5 0.2 0.5 0.2 0.5 0.4 0.5 0.2 0.5 0.7 1 
Nurse 4 0.7 1 0.7 1 0.7 1 0.2 0.4 0.7 1 0.2 0.5 
Nurse 5 0.5 0.2 0.5 0.5 0.5 0.7 1 0.7 0.5 0.5 1 0.5 
Nurse 6 0.6 0.2 0.6 0.2 0.6 0.2 0.6 0.2 0.6 0.2 0.6 0.2 
Nurse 7 0.4 0.2 0.4 0.4 0.4 0.4 0.4 0.4 0.6 0.4 0.4 0.4 
Nurse 8 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5 
Nurse 9 0.4 0.4 0.4 0.6 0.4 0.6 0.2 0.6 0.4 0.6 1 0.6 
Nurse 10 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5 0.4 0.4 0.5 0.5 
Nurse 11 1 0.7 1 1 1 0.2 0.4 0.2 1 1 0.4 0.7 
Nurse 12 0.5 0.4 0.5 0.4 0.5 0.5 0.5 0.4 0.5 0.5 0.4 0.4 
Nurse 13 0.7 1 0.7 0.7 0.2 0.5 1 1 0.2 0.2 1 0.7 
Nurse 14 0.6 0.5 0.6 0.5 0.6 0.4 0.7 1 0.4 0.4 0.4 0.4 
Nurse 15 1 0.6 1 0.2 1 0.2 0.5 1 1 0.2 0.5 0.2 
Nurse 16 0.5 1 0.5 0.7 0.5 0.7 0.7 0.7 0.5 0.7 0.5 0.5 
Nurse 17 1 0.7 1 1 1 1 0.5 0.2 1 1 0.5 1 
Nurse 18 1 0.6 1 0.6 1 0.6 0.5 0.6 1 0.6 0.7 1 
Nurse 19 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.5 0.5 0.5 0.6 0.2 
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Figure 26: Percentage of surgery match with nurses on duty by two week scheduling period 
 
As seen in Figure 26, with less frequent switching of schedules comes a more consistent level of 
coverage for each specialty. This is good for the specialties with a high percentage of nurse 
matches but for those that are below average this means that there are less periods of time 
throughout each two week scheduling period when a nurse has the correct specialty when 
assisting in surgery.  Additional data tables can be found in Appendix 4. 
5.4 Experimentation Conclusions 
 The experiments show only some of the examples of the flexibility of the two phase 
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Assignment model can be modified. This level of flexibility makes this methodology very 
robust, able to tackle any OR scheduling problem.  
The experiments on the first phase of the model show how the simulation-based 
optimization utilizes the modeled variability within the simulation to generate an optimal 
solution of minimized nurse cost and penalty cost incurred by patient lateness. With this output 
of the optimal number of nurses required to work each shift, the Nurse Assignment model 
experiment in 5.3.1 shows how the shift plan from the first phase can be used as an input to the 
second phase in order to generate a complete schedule that assigns each nurse to a shift while 
attempting to maximize the percentage of time a surgery has a nurse with a matching specialty 
and maximizing nurse satisfaction. This example also shows how utilizing different objective 
functions can provide a wide variety of solutions which can be judged as more of less “fair” 
depending on the hospital’s views on nurse satisfaction.   
The experiments in section 5.3.2 utilize a random input of number of nurses required to 
work each shift, showing that each phase can be used independently from the other and still 
provide solutions for the system. Flexibility in this model is further shown by adjusting objective 
functions, scheduling periods, and weights of the model. Again, these adjustments can be made 
to fit any system and provide quick and optimal solutions to the nurse scheduling problem. 
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6. Conclusion & Recommendations for Future Research 
 In this paper a two phase approach to generating a nurse schedule in an operating room 
(OR) setting is developed and tested. In the first phase, the Nurse Planning phase, a simulation-
based optimization model utilizes a simulation of an OR system where variability is modeled 
into the patient arrival and surgery length. The second phase, the Nurse Assignment phase, gives 
each individual nurse a shift to work for each day of the scheduling period while maximizing the 
percentage of nurse/surgery specialty match and also maximizing nurse satisfaction. The models 
are shown to work both individually and in concert, both having great flexibility to meet the 
needs of any system. However, this two phase approach still has room for further research in the 
future. 
6.1 Conclusion 
The functionality of both phases of the methodology was thoroughly tested and analyzed. 
In the Nurse Planning phase, the sources of variability of the system are taken into account via a 
simulation model. The complex modeling involved in generating patient arrival and surgery 
length was put to the test in different models: 6 ORs, 12 ORs, and 75%, 90%, 110%, and 125% 
multiples of arrival rate and surgery length. These sources of variability are crucial in developing 
a solution that will be effective in a real-world system because they imitate how the shift plan 
generated will perform more accurately. A simulation-based optimization approach uses the 
simulation with modeled variability to determine which shift plan should be used to cover the 
demand of patients in the system. The optimization also aimed to minimize the cost of hiring 
nurses and the penalty cost associated with a patient starting their surgery after the scheduled 
start time. Lateness is a measure of the quality of service; hiring fewer nurses incurs less cost but 
a higher penalty cost from lateness meaning a lower service level. This tradeoff is crucial in 
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determining the optimal number of nurses required to fulfill the demand of the system. 
Utilization of this tradeoff and the variability modeled in the simulation provided the Nurse 
Planning phase with a fast and efficient way of determining the required number of nurses to 
work each shift and cover demand, and the variability in demand, at the minimum total cost. A 
shift plan can be developed in less than one week and ensures that the total lateness of a 5 day 
shift plan is less than 51 hours for a 12 OR hospital. The simulation-based optimization also 
compares the results of shift plans using 17 to 24 nurses and finds that, in the 12 OR example, 21 
nurses should be used to minimize nurse cost as just over $35,000 per week while meeting the 
service level described. The multiple alternative solutions allow the scheduler to compare the 
results of using more or fewer nurses to determine if the cost and lateness combination chosen by 
the model works best for the hospital. 
The Nurse Assignment phase proved capable of generating a shift assignment, and thus a 
schedule, that accounts for nurse satisfaction as well as surgery specialty match. Also, when the 
Nurse Planning output is used as an input to this second phase, the service level that is measured 
by patient lateness in the simulation is ensured because that exact number of nurses required for 
each shift is the same in both phases. This allows hospitals to test various combinations of 
objective functions and parameter values when assigning nurses to shifts in the schedule without 
having to worry about a decrease in service level due to understaffing. Testing the model without 
the input from the Nurse Planning phase shows that each phase can be used independent of the 
other. The Nurse Assignment model can accept any shift plan, required number of nurses for 
each shift, and generate a solution that maximizes nurse satisfaction while matching nurses to 
surgeries they are most comfortable with as often as possible.  
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Overall this two phase approach has provided a way to generate many alternative 
schedules that can be compared based on cost and service level described by patient waiting 
time, lateness. It also allows for great flexibility so that any OR may utilize the power of both 
models. The Nurse Assignment provides a way to generate the optimal solution, assignment of 
nurses to shifts, given any shift plan that is input and given a block schedule associated with the 
OR. It also allows the scheduler to adjust the model so that average nurse satisfaction, specialty 
match, previous schedules, or specific nurse needs can be weighted more heavily, providing even 
more flexibility. 
6.2 Recommendations for Future Work 
 There are several opportunities to improve upon the two phase approach developed in 
this paper. The first recommendation is also a limitation on the current version of the model. The 
simulation-based optimization model currently requires several days of run time to produce 
solutions. The model often tests scenarios that are extremely costly and would not be feasible for 
the OR. This is because there is a lack of constraints on the model. An improvement that would 
greatly increase the usability of the Nurse Planning phase would be to generate better and stricter 
constraints on the model so that the alternative solutions tested are all part of the feasible set of 
solutions for the OR. 
 Another possible adjustment would be to increase the size of the OR system being tested. 
That is, the models should be tested using more operating rooms, more surgical specialties, and a 
larger set of shifts to choose from. There are many hospitals that have more that have more than 
the 6 or 12 ORs suggested in this model and it is unclear how the increase in number of ORs will 
increase the run time of the simulation model as well as the assignment model. Also, with a 
larger set of shifts, the simulation will have an even greater set of scenarios to choose from 
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which increase the overall run time, but also may provide a solution that could reduce cost even 
further than a simulation with fewer shifts.  
 Further testing on different weights of the assignment model can be done. For the weight 
on the satisfaction portion of the objective, βi, the current model assumes each nurse to have the 
same weight. However, if a hospital wanted to account for seniority of nurses, a higher weight 
could be given to nurses who have worked at the hospital the longest. This would ensure that 
they receive better schedules overall. Another weight that could be tested further is the θ1 and θ2 
parameters. Each portion of the assignment model objective can be weighted more heavily by 
adjusting these parameters. A scheduler could compare the results of the model when using 
multiple combinations of θ values to find the best model to represent the hospital. As the needs 
of the hospital change, these parameters can be adjusted again to accommodate.  
 A final recommendation is for the assignment model. Currently the model assumes that 
each nurse has the same rating of each of the available shifts. However it is conceivable that 
different nurses would have different ratings for each shift based on the nurse’s preferences. The 
γj parameter should be expanded to include a value for each nurse, γij. This will give even more 
flexibility to the model in that it will be able to account for each individual nurse’s preference for 
each shift. This could add a lot of value to the solution depending on the needs of the OR, but 
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param x{j in J, w in W} default 0; 
param h{j in J, p in P} default 0; 
param f{d in D, j in J} default 0; 
param s{i in I, q in Q} default 0; 
param LS{Q,D,P,W} default 0; 
param gamma{j in J} default 1; 
param alpha default 0; 
param beta default 0; 
param V{q in Q} default 0.2; 
param H default sum{w in W} 1; #total number of weeks 
param N default sum{i in I} 1; #total number of nurses 
param rhoI{i in I} default 0; 
param theta1 default 1; 
param theta2 default 1; 
param SumV default sum{q in Q} V[q]; 
 
#Variables 
var n{i in I, j in J, w in W} binary; 
var r{i in I, w in W} >=0; 
var sPLUS{q in Q, d in D, p in P, w in W} >=0; 
var sMINUS{q in Q, d in D, p in P, w in W} >=0; 
var rho{i in I} >=0; 
var rhoNEW{i in I} >=0; 
var sSum{q in Q}; 




#Objective Function A + B 
 maximize objective: (theta1 * sum{q in Q, d in D, p in P, w in W} ((V[q] / SumV)  
* ((LS[q,d,p,w] - sMINUS[q,d,p,w]) / LSSum[q])))  
+ (theta2 * (beta * (sum{i in I}  rho[i]) / N)); 
 
#Alternative Objectives A + ... 
# C: (theta2 * ((sum{i in I}  (1-rhoI[i])* rho[i]) / N)); 
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# D: (theta2 * t)  
# subject to C0_Minimax_formulation {i in I} : t <= rho[i]; 
 
#Constraints 
subject to C1_Nurses_Scheduled {j in J, w in W}: sum{i in I} n[i,j,w] = x[j,w]; 
 
subject to C2_Block_Schedule {q in Q, d in D, p in P, w in W}:  
(sum{i in I, j in J} s[i,q] * n[i,j,w] * h[j,p] * f[d,j]) 
- sPLUS [q,d,p,w] + sMINUS[q,d,p,w]  = LS[q,d,p,w]; 
 
subject to C3_Satisfaction_Score {i in I}: rho[i] = ((1 - alpha) * rhoI[i]) + (alpha * rhoNEW[i]); 
 
subject to C4_Average_Satisfaction {i in I}: rhoNEW[i] = (sum{w in W} r[i,w])/H; 
 
subject to C5_Week_Satisfaction {i in I, w in W}: r[i,w] = (sum{j in J} gamma[j] * n[i,j,w]); 
 
subject to C6_One_Schedule {i in I, w in W}: sum{j in J} n[i,j,w] = 1; 
 
 
#The following constraints are used for data collection purposes only 
 
subject to sMINUS_sum {q in Q}: sum{d in D, p in P, w in W} sMINUS[q,d,p,w] = sSum[q]; 
 




Appendix 2: AMPL Data file for Nurse Assignment model 
# Set of all Nurses 
set I := 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21; 
# Set of all Shifts 
set J := 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16  
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32; 
# Number of half-hour periods in a day  
set P:= 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48; 
# Set of all Days 
set D:= 1 2 3 4 5; 
# Set of all Weeks 
set W:= 1 2; 
# Set of all Specialty  / surgery type 
set Q:= 1 2 3 4 5 6 7 8 9 10 11; 
# Number of nurses required to work shift j in week w [J,W] 
param x:= 
[*,*] 
: 1 2:= 
0 0 0 
1 12 12 
2 0 0 
3 0 0 
4  0 0 
5  0 0 
6  0 0 
7 0 0 
8 0 0 
9 8 8 
10 0 0 
11 0 0 
12 0 0 
13 0 0 
14 0 0 
15 0 0 
16 0 0 
17 0 0 
18 0 0 
19 0 0 
20 0 0 
21 0 0 
22 0 0 
23 1 1 
24 0 0 
25 0 0 
26 0 0 
27 0 0 
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28 0 0 
29 0 0 
30 0 0 
31 0 0 
32 0 0; 
#Periods p for which a nurse will be on duty for each shift j [J,P] 
param h:= 
[*,*] 
: 1 2 3 4 5 6 7 8 9 10 11 12
 13 14 15 16 17 18 19 20 21 22 23 24
 25 26 27 28 29 30 31 32 33 34 35 36
 37 38 39 40 41 42 43 44 45 46 47 48:= 
1 0 0 0 0 0 0 0 0 0 0 0 0
 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 0
 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 0
 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 0
 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 0
 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 0
 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 1 1 1 1
 1 1 1 1 1 1 1 1 1 1 1 1
 1 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 0 0 0 0 0 0 0 
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10 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 1 1 1 
11 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 1 1 1 
12 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 1 1 1 
13 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 1 1 1 
14 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 1 1 1 
15 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0 
16 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 1 1 1 1
 1 1 1 1 1 1 1 1 1 1 1 1 
17 1 1 1 1 1 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 1 1 1 1 1 1 1 1 1 1 1 1 
18 1 1 1 1 1 1 1 1 1 1 1 1
 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1 
19 1 1 1 1 1 1 1 1 1 1 1 1
 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1 
20 1 1 1 1 1 1 1 1 1 1 1 1
 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1 
21 1 1 1 1 1 1 1 1 1 1 1 1
 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1 
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22 1 1 1 1 1 1 1 1 1 1 1 1
 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1 
23 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 1 1 1 1 1 1 1 1 
24 1 1 1 1 1 1 1 1 1 1 1 1
 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 1 1 1 1 
25 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
26 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
27 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
28 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
29 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
30 1 1 1 1 1 1 1 1 1 1 1 1
 1 1 1 1 1 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
31 0 0 0 0 1 1 1 1 1 1 1 1
 1 1 1 1 1 1 1 1 1 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
32 0 0 0 0 0 0 0 0 1 1 1 1
 1 1 1 1 1 1 1 1 1 1 1 1
 1 0 0 0 0 0 0 0 0 0 0 0
 0 0 0 0 0 0 0 0 0 0 0 0 
; 




: 1 2 3 4 5 6 7 8 9 10 11 12
 13 14 15 16 17 18 19 20 21 22 23 24
 25 26 27 28 29 30 31 32:= 
1 1 1 1 1 1 0 1 1 1 1 1 1
 1 0 1 1 1 1 1 1 1 0 1 1
 1 1 1 1 0 1 1 1 
2 1 1 1 1 0 1 1 1 1 1 1 1
 0 1 1 1 1 1 1 1 0 1 1 1
 1 1 1 0 1 1 1 1 
3 1 1 1 0 1 1 1 1 1 1 1 0
 1 1 1 1 1 1 1 0 1 1 1 1
 1 1 0 1 1 1 1 1 
4 1 1 0 1 1 1 1 1 1 1 0 1
 1 1 1 1 1 1 0 1 1 1 1 1
 1 0 1 1 1 1 1 1 
5 1 0 1 1 1 1 1 1 1 0 1 1
 1 1 1 1 1 0 1 1 1 1 1 1
 0 1 1 1 1 1 1 1; 
# Specialty s in which each nurse i is trained [I,Q] 
param s:=  
[*,*] 
: 1 2 3 4 5 6 7 8 9 10 11:= 
1 1 0 0 1 0 1 0 0 0 0 0 
2 1 1 0 0 0 0 0 1 0 0 0 
3 1 0 1 0 0 0 0 0 1 0 0 
4 1 0 1 1 0 0 0 0 0 0 0 
5 1 0 0 0 1 0 0 0 0 0 1 
6 1 0 0 0 0 1 0 0 0 0 0 
7 1 0 0 0 0 0 1 0 0 0 0 
8 1 0 0 0 0 0 0 1 0 0 0 
9 1 0 0 0 0 0 1 0 1 0 0 
10 1 0 0 0 0 0 0 0 0 1 0 
11 1 0 0 0 0 1 0 0 0 0 1 
12 1 0 1 0 0 0 0 0 0 0 0 
13 1 1 0 0 0 0 0 1 0 0 0 
14 1 0 1 0 0 0 1 0 0 0 0 
15 1 0 0 1 0 0 0 0 1 0 0 
16 1 0 0 1 0 1 0 0 0 0 0 
17 1 0 0 0 1 0 1 0 0 0 0 
18 1 0 0 0 0 0 0 1 0 1 0 
19 1 1 0 0 0 0 0 0 0 0 1 
20 1 0 0 0 0 0 0 0 1 1 0 
21 1 1 0 0 1 0 0 0 0 0 0; 
# Demand for specialty s during each period p each day d and each week w [Q,D,P,W] 
# this parameter is derived from the OR Block schedule to estimate demand of patients 
param LS:=             
[*,1,*,1] (tr)            
:    1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
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2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 2 1 1 1 0 3 1 1 1 0 1 
15 2 1 1 1 0 3 1 1 1 0 1 
16 2 1 1 1 0 3 1 1 1 0 1 
17 2 1 1 1 0 3 1 1 1 0 1 
18 2 1 1 1 0 3 1 1 1 0 1 
19 2 1 1 1 0 3 1 1 1 0 1 
20 2 1 1 1 0 3 1 1 1 0 1 
21 2 1 1 1 0 3 1 1 1 0 1 
22 2 1 1 1 0 3 1 1 1 0 1 
23 2 1 1 1 0 3 1 1 1 0 1 
24 2 1 1 1 0 3 1 1 1 0 1 
25 2 1 1 1 0 3 1 1 1 0 1 
26 2 1 1 1 0 3 1 1 1 0 1 
27 2 1 1 1 0 3 1 1 1 0 1 
28 2 1 1 1 0 3 1 1 1 0 1 
29 2 1 1 1 0 3 1 1 1 0 1 
30 2 1 1 1 0 3 1 1 1 0 1 
31 2 1 1 1 0 3 1 1 1 0 1 
32 2 1 1 1 0 3 1 1 1 0 1 
33 2 1 1 1 0 3 1 1 1 0 1 
34 2 1 1 1 0 3 1 1 1 0 1 
35 2 1 1 1 0 3 1 1 1 0 1 
36 2 1 1 1 0 3 1 1 1 0 1 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
 
[*,2,*,1] (tr)            
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:    1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 3 0 0 2 1 2 1 1 1 1 0 
15 3 0 0 2 1 2 1 1 1 1 0 
16 3 0 0 2 1 2 1 1 1 1 0 
17 3 0 0 2 1 2 1 1 1 1 0 
18 3 0 0 2 1 2 1 1 1 1 0 
19 3 0 0 2 1 2 1 1 1 1 0 
20 3 0 0 2 1 2 1 1 1 1 0 
21 3 0 0 2 1 2 1 1 1 1 0 
22 3 0 0 2 1 2 1 1 1 1 0 
23 3 0 0 2 1 2 1 1 1 1 0 
24 3 0 0 2 1 2 1 1 1 1 0 
25 3 0 0 2 1 2 1 1 1 1 0 
26 3 0 0 2 1 2 1 1 1 1 0 
27 3 0 0 2 1 2 1 1 1 1 0 
28 3 0 0 2 1 2 1 1 1 1 0 
29 3 0 0 2 1 2 1 1 1 1 0 
30 3 0 0 2 1 2 1 1 1 1 0 
31 3 0 0 2 1 2 1 1 1 1 0 
32 3 0 0 2 1 2 1 1 1 1 0 
33 3 0 0 2 1 2 1 1 1 1 0 
34 3 0 0 2 1 2 1 1 1 1 0 
35 3 0 0 2 1 2 1 1 1 1 0 
36 3 0 0 2 1 2 1 1 1 1 0 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
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[*,3,*,1] (tr)            
:    1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 5 1 1 1 0 1 1 0 1 1 0 
15 5 1 1 1 0 1 1 0 1 1 0 
16 5 1 1 1 0 1 1 0 1 1 0 
17 5 1 1 1 0 1 1 0 1 1 0 
18 5 1 1 1 0 1 1 0 1 1 0 
19 5 1 1 1 0 1 1 0 1 1 0 
20 5 1 1 1 0 1 1 0 1 1 0 
21 5 1 1 1 0 1 1 0 1 1 0 
22 5 1 1 1 0 1 1 0 1 1 0 
23 5 1 1 1 0 1 1 0 1 1 0 
24 5 1 1 1 0 1 1 0 1 1 0 
25 5 1 1 1 0 1 1 0 1 1 0 
26 5 1 1 1 0 1 1 0 1 1 0 
27 5 1 1 1 0 1 1 0 1 1 0 
28 5 1 1 1 0 1 1 0 1 1 0 
29 5 1 1 1 0 1 1 0 1 1 0 
30 5 1 1 1 0 1 1 0 1 1 0 
31 5 1 1 1 0 1 1 0 1 1 0 
32 5 1 1 1 0 1 1 0 1 1 0 
33 5 1 1 1 0 1 1 0 1 1 0 
34 5 1 1 1 0 1 1 0 1 1 0 
35 5 1 1 1 0 1 1 0 1 1 0 
36 5 1 1 1 0 1 1 0 1 1 0 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
102 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
 
[*,4,*,1] (tr)            
:    1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 2 0 1 2 1 1 0 2 2 1 0 
15 2 0 1 2 1 1 0 2 2 1 0 
16 2 0 1 2 1 1 0 2 2 1 0 
17 2 0 1 2 1 1 0 2 2 1 0 
18 2 0 1 2 1 1 0 2 2 1 0 
19 2 0 1 2 1 1 0 2 2 1 0 
20 2 0 1 2 1 1 0 2 2 1 0 
21 2 0 1 2 1 1 0 2 2 1 0 
22 2 0 1 2 1 1 0 2 2 1 0 
23 2 0 1 2 1 1 0 2 2 1 0 
24 2 0 1 2 1 1 0 2 2 1 0 
25 2 0 1 2 1 1 0 2 2 1 0 
26 2 0 1 2 1 1 0 2 2 1 0 
27 2 0 1 2 1 1 0 2 2 1 0 
28 2 0 1 2 1 1 0 2 2 1 0 
29 2 0 1 2 1 1 0 2 2 1 0 
30 2 0 1 2 1 1 0 2 2 1 0 
31 2 0 1 2 1 1 0 2 2 1 0 
32 2 0 1 2 1 1 0 2 2 1 0 
33 2 0 1 2 1 1 0 2 2 1 0 
34 2 0 1 2 1 1 0 2 2 1 0 
35 2 0 1 2 1 1 0 2 2 1 0 
36 2 0 1 2 1 1 0 2 2 1 0 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
103 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
 
[*,5,*,1] (tr)            
:    1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 3 1 1 3 1 2 0 1 0 0 0 
15 3 1 1 3 1 2 0 1 0 0 0 
16 3 1 1 3 1 2 0 1 0 0 0 
17 3 1 1 3 1 2 0 1 0 0 0 
18 3 1 1 3 1 2 0 1 0 0 0 
19 3 1 1 3 1 2 0 1 0 0 0 
20 3 1 1 3 1 2 0 1 0 0 0 
21 3 1 1 3 1 2 0 1 0 0 0 
22 3 1 1 3 1 2 0 1 0 0 0 
23 3 1 1 3 1 2 0 1 0 0 0 
24 3 1 1 3 1 2 0 1 0 0 0 
25 3 1 1 3 1 2 0 1 0 0 0 
26 3 1 1 3 1 2 0 1 0 0 0 
27 3 1 1 3 1 2 0 1 0 0 0 
28 3 1 1 3 1 2 0 1 0 0 0 
29 3 1 1 3 1 2 0 1 0 0 0 
30 3 1 1 3 1 2 0 1 0 0 0 
31 3 1 1 3 1 2 0 1 0 0 0 
32 3 1 1 3 1 2 0 1 0 0 0 
33 3 1 1 3 1 2 0 1 0 0 0 
34 3 1 1 3 1 2 0 1 0 0 0 
35 3 1 1 3 1 2 0 1 0 0 0 
36 3 1 1 3 1 2 0 1 0 0 0 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
104 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
 
[*,1,*,2] (tr)            
:    1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 5 1 1 1 0 1 1 0 1 1 0 
15 5 1 1 1 0 1 1 0 1 1 0 
16 5 1 1 1 0 1 1 0 1 1 0 
17 5 1 1 1 0 1 1 0 1 1 0 
18 5 1 1 1 0 1 1 0 1 1 0 
19 5 1 1 1 0 1 1 0 1 1 0 
20 5 1 1 1 0 1 1 0 1 1 0 
21 5 1 1 1 0 1 1 0 1 1 0 
22 5 1 1 1 0 1 1 0 1 1 0 
23 5 1 1 1 0 1 1 0 1 1 0 
24 5 1 1 1 0 1 1 0 1 1 0 
25 5 1 1 1 0 1 1 0 1 1 0 
26 5 1 1 1 0 1 1 0 1 1 0 
27 5 1 1 1 0 1 1 0 1 1 0 
28 5 1 1 1 0 1 1 0 1 1 0 
29 5 1 1 1 0 1 1 0 1 1 0 
30 5 1 1 1 0 1 1 0 1 1 0 
31 5 1 1 1 0 1 1 0 1 1 0 
32 5 1 1 1 0 1 1 0 1 1 0 
33 5 1 1 1 0 1 1 0 1 1 0 
34 5 1 1 1 0 1 1 0 1 1 0 
35 5 1 1 1 0 1 1 0 1 1 0 
36 5 1 1 1 0 1 1 0 1 1 0 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
105 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
 
[*,2,*,2] (tr)            
:    1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 2 0 1 2 1 1 0 2 2 1 0 
15 2 0 1 2 1 1 0 2 2 1 0 
16 2 0 1 2 1 1 0 2 2 1 0 
17 2 0 1 2 1 1 0 2 2 1 0 
18 2 0 1 2 1 1 0 2 2 1 0 
19 2 0 1 2 1 1 0 2 2 1 0 
20 2 0 1 2 1 1 0 2 2 1 0 
21 2 0 1 2 1 1 0 2 2 1 0 
22 2 0 1 2 1 1 0 2 2 1 0 
23 2 0 1 2 1 1 0 2 2 1 0 
24 2 0 1 2 1 1 0 2 2 1 0 
25 2 0 1 2 1 1 0 2 2 1 0 
26 2 0 1 2 1 1 0 2 2 1 0 
27 2 0 1 2 1 1 0 2 2 1 0 
28 2 0 1 2 1 1 0 2 2 1 0 
29 2 0 1 2 1 1 0 2 2 1 0 
30 2 0 1 2 1 1 0 2 2 1 0 
31 2 0 1 2 1 1 0 2 2 1 0 
32 2 0 1 2 1 1 0 2 2 1 0 
33 2 0 1 2 1 1 0 2 2 1 0 
34 2 0 1 2 1 1 0 2 2 1 0 
35 2 0 1 2 1 1 0 2 2 1 0 
36 2 0 1 2 1 1 0 2 2 1 0 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
106 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
 
[*,3,*,2] (tr)            
:    1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 2 1 1 1 0 3 1 1 1 0 1 
15 2 1 1 1 0 3 1 1 1 0 1 
16 2 1 1 1 0 3 1 1 1 0 1 
17 2 1 1 1 0 3 1 1 1 0 1 
18 2 1 1 1 0 3 1 1 1 0 1 
19 2 1 1 1 0 3 1 1 1 0 1 
20 2 1 1 1 0 3 1 1 1 0 1 
21 2 1 1 1 0 3 1 1 1 0 1 
22 2 1 1 1 0 3 1 1 1 0 1 
23 2 1 1 1 0 3 1 1 1 0 1 
24 2 1 1 1 0 3 1 1 1 0 1 
25 2 1 1 1 0 3 1 1 1 0 1 
26 2 1 1 1 0 3 1 1 1 0 1 
27 2 1 1 1 0 3 1 1 1 0 1 
28 2 1 1 1 0 3 1 1 1 0 1 
29 2 1 1 1 0 3 1 1 1 0 1 
30 2 1 1 1 0 3 1 1 1 0 1 
31 2 1 1 1 0 3 1 1 1 0 1 
32 2 1 1 1 0 3 1 1 1 0 1 
33 2 1 1 1 0 3 1 1 1 0 1 
34 2 1 1 1 0 3 1 1 1 0 1 
35 2 1 1 1 0 3 1 1 1 0 1 
36 2 1 1 1 0 3 1 1 1 0 1 
107 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
 
[*,4,*,2] (tr)            
:    1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 3 1 1 3 1 2 0 1 0 0 0 
15 3 1 1 3 1 2 0 1 0 0 0 
16 3 1 1 3 1 2 0 1 0 0 0 
17 3 1 1 3 1 2 0 1 0 0 0 
18 3 1 1 3 1 2 0 1 0 0 0 
19 3 1 1 3 1 2 0 1 0 0 0 
20 3 1 1 3 1 2 0 1 0 0 0 
21 3 1 1 3 1 2 0 1 0 0 0 
22 3 1 1 3 1 2 0 1 0 0 0 
23 3 1 1 3 1 2 0 1 0 0 0 
24 3 1 1 3 1 2 0 1 0 0 0 
25 3 1 1 3 1 2 0 1 0 0 0 
26 3 1 1 3 1 2 0 1 0 0 0 
27 3 1 1 3 1 2 0 1 0 0 0 
28 3 1 1 3 1 2 0 1 0 0 0 
29 3 1 1 3 1 2 0 1 0 0 0 
30 3 1 1 3 1 2 0 1 0 0 0 
31 3 1 1 3 1 2 0 1 0 0 0 
32 3 1 1 3 1 2 0 1 0 0 0 
33 3 1 1 3 1 2 0 1 0 0 0 
34 3 1 1 3 1 2 0 1 0 0 0 
108 
35 3 1 1 3 1 2 0 1 0 0 0 
36 3 1 1 3 1 2 0 1 0 0 0 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
 
[*,5,*,2] (tr)            
:  1 2 3 4 5 6 7 8 9 10 11:= 
1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 
14 3 0 0 2 1 2 1 1 1 1 0 
15 3 0 0 2 1 2 1 1 1 1 0 
16 3 0 0 2 1 2 1 1 1 1 0 
17 3 0 0 2 1 2 1 1 1 1 0 
18 3 0 0 2 1 2 1 1 1 1 0 
19 3 0 0 2 1 2 1 1 1 1 0 
20 3 0 0 2 1 2 1 1 1 1 0 
21 3 0 0 2 1 2 1 1 1 1 0 
22 3 0 0 2 1 2 1 1 1 1 0 
23 3 0 0 2 1 2 1 1 1 1 0 
24 3 0 0 2 1 2 1 1 1 1 0 
25 3 0 0 2 1 2 1 1 1 1 0 
26 3 0 0 2 1 2 1 1 1 1 0 
27 3 0 0 2 1 2 1 1 1 1 0 
28 3 0 0 2 1 2 1 1 1 1 0 
29 3 0 0 2 1 2 1 1 1 1 0 
30 3 0 0 2 1 2 1 1 1 1 0 
31 3 0 0 2 1 2 1 1 1 1 0 
32 3 0 0 2 1 2 1 1 1 1 0 
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33 3 0 0 2 1 2 1 1 1 1 0 
34 3 0 0 2 1 2 1 1 1 1 0 
35 3 0 0 2 1 2 1 1 1 1 0 
36 3 0 0 2 1 2 1 1 1 1 0 
37 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 
;            
# Satisfaction score of shift j [J] 






































# Exponential smoothing weight  
param alpha:= .7 ; 
# Satisfaction weight 
param beta:= 1; 
# Initial weighted average satisfaction score for nurse i [I] 
# rho from the previous scheduling horizon becomes this parameter, rhoI, for the current scheduling horizon 























#Percentage of specialty match for nurses and surgeries weight [Q] 















Appendix 3: Data tables for 6.3.1 graphs of “ρiw by 2 Week Time Horizon”  
Figure 10: ρiw value at the end of each 2 week shift assignment; objective Aw + Bw 
Nurse # rho 0 rho 1 rho 2 rho 3 rho 4 rho 5 rho 6 
Nurse 1 0.97 0.82 0.64 0.54 0.51 0.50 0.50 
Nurse 2 0.93 0.98 0.98 0.99 1.00 1.00 1.00 
Nurse 3 0.92 0.98 0.98 0.99 1.00 1.00 1.00 
Nurse 4 0.92 0.98 0.80 0.77 0.75 0.75 0.75 
Nurse 5 0.86 0.61 0.61 0.53 0.51 0.50 0.50 
Nurse 6 0.84 0.78 0.60 0.53 0.51 0.50 0.50 
Nurse 7 0.82 0.95 0.95 0.98 1.00 1.00 1.00 
Nurse 8 0.8 0.59 0.59 0.53 0.51 0.50 0.50 
Nurse 9 0.68 0.90 0.73 0.74 0.75 0.75 0.75 
Nurse 10 0.63 0.89 0.89 0.97 0.99 1.00 1.00 
Nurse 11 0.59 0.70 0.88 0.96 0.99 1.00 1.00 
Nurse 12 0.51 0.43 0.85 0.96 0.99 1.00 1.00 
Nurse 13 0.51 0.50 0.50 0.50 0.50 0.50 0.50 
Nurse 14 0.43 0.48 0.44 0.45 0.45 0.45 0.45 
Nurse 15 0.41 0.47 0.65 0.72 0.74 0.75 0.75 
Nurse 16 0.4 0.65 0.82 0.95 0.98 1.00 1.00 
Nurse 17 0.4 0.82 0.61 0.67 0.69 0.70 0.70 
Nurse 18 0.38 0.81 0.81 0.94 0.98 0.99 1.00 
Nurse 19 0.25 0.78 0.78 0.93 0.98 0.99 1.00 
Nurse 20 0.2 0.41 0.41 0.47 0.49 0.50 0.50 
Nurse 21 0.2 0.70 0.76 0.93 0.98 0.99 1.00 
Average 0.60 0.72 0.73 0.76 0.78 0.78 0.78 
Objective 0 1.70871 1.71157 1.74907 1.76032 1.7637 1.76471 
Max 0.97 0.98 0.98 0.99 1.00 1.00 1.00 
Min 0.20 0.41 0.41 0.45 0.45 0.45 0.45 
Difference 0.77 0.57 0.57 0.55 0.55 0.55 0.55 
 
Figure 12: ρiw value at the end of each 2 week shift assignment using objective Aw + Cw 
Nurse # rho 0 rho 1 rho 2 rho 3 rho 4 rho 5 rho 6 
Nurse 1 0.97 0.64 0.89 0.62 0.89 0.62 0.88 
Nurse 2 0.93 0.63 0.89 0.62 0.88 0.62 0.88 
Nurse 3 0.92 0.63 0.89 0.62 0.88 0.62 0.88 
Nurse 4 0.92 0.63 0.89 0.62 0.88 0.62 0.88 
Nurse 5 0.86 0.61 0.88 0.61 0.88 0.62 0.88 
Nurse 6 0.84 0.60 0.88 0.61 0.88 0.62 0.88 
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Nurse 7 0.82 0.53 0.86 0.96 0.99 1.00 0.58 
Nurse 8 0.8 0.94 0.63 0.89 0.62 0.89 0.62 
Nurse 9 0.68 0.55 0.87 0.61 0.88 0.61 0.88 
Nurse 10 0.63 0.89 0.55 0.86 0.96 0.99 1.00 
Nurse 11 0.59 0.88 0.61 0.88 0.62 0.88 0.62 
Nurse 12 0.51 0.85 0.61 0.88 0.61 0.88 0.97 
Nurse 13 0.51 0.85 0.61 0.88 0.61 0.88 0.62 
Nurse 14 0.43 0.83 0.95 0.56 0.87 0.96 0.64 
Nurse 15 0.41 0.82 0.60 0.88 0.61 0.88 0.62 
Nurse 16 0.4 0.82 0.60 0.88 0.61 0.88 0.62 
Nurse 17 0.4 0.82 0.60 0.88 0.61 0.88 0.62 
Nurse 18 0.38 0.46 0.84 0.60 0.88 0.61 0.88 
Nurse 19 0.25 0.78 0.93 0.98 0.57 0.87 0.96 
Nurse 20 0.2 0.76 0.58 0.87 0.61 0.88 0.62 
Nurse 21 0.2 0.76 0.93 0.98 0.99 0.58 0.87 
Average 0.60 0.73 0.76 0.78 0.78 0.78 0.78 
Objective 0 1.28687 1.20605 1.17886 1.17006 1.16769 1.16819 
Max 0.97 0.94 0.95 0.98 0.99 1.00 1.00 
Min 0.20 0.46 0.55 0.56 0.57 0.58 0.58 
Difference 0.77 0.48 0.40 0.42 0.42 0.42 0.42 
 
Figure 27: ρiw value at the end of each 2 week shift assignment using objective Aw + Dw 
Nurse # rho 0 rho 1 rho 2 rho 3 rho 4 rho 5 rho 6 
Nurse 1 0.97 0.82 0.77 0.76 0.75 0.75 0.75 
Nurse 2 0.93 0.80 0.77 0.75 0.75 0.75 0.75 
Nurse 3 0.92 0.80 0.77 0.75 0.75 0.75 0.75 
Nurse 4 0.92 0.80 0.77 0.75 0.75 0.75 0.75 
Nurse 5 0.86 0.78 0.76 0.75 0.75 0.75 0.75 
Nurse 6 0.84 0.78 0.76 0.75 0.75 0.75 0.75 
Nurse 7 0.82 0.74 0.92 0.77 0.93 0.77 0.93 
Nurse 8 0.8 0.77 0.75 0.75 0.75 0.75 0.75 
Nurse 9 0.68 0.73 0.74 0.75 0.75 0.75 0.75 
Nurse 10 0.63 0.71 0.91 0.76 0.75 0.75 0.93 
Nurse 11 0.59 0.70 0.74 0.75 0.75 0.75 0.75 
Nurse 12 0.51 0.64 0.72 0.92 0.76 0.93 0.80 
Nurse 13 0.51 0.68 0.73 0.74 0.75 0.75 0.75 
Nurse 14 0.43 0.65 0.90 0.79 0.94 0.77 0.93 
Nurse 15 0.41 0.65 0.72 0.74 0.75 0.75 0.75 
Nurse 16 0.4 0.65 0.72 0.74 0.75 0.75 0.75 
Nurse 17 0.4 0.65 0.72 0.74 0.75 0.75 0.75 
Nurse 18 0.38 0.64 0.72 0.74 0.75 0.75 0.75 
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Nurse 19 0.25 0.78 0.72 0.92 0.77 0.93 0.77 
Nurse 20 0.2 0.76 0.75 0.75 0.75 0.75 0.75 
Nurse 21 0.2 0.76 0.72 0.92 0.97 0.99 0.79 
Average 0.60 0.73 0.76 0.78 0.78 0.78 0.78 
Objective 0 1.62042 1.70089 1.7242 1.73119 1.73329 1.73392 
Max 0.97 0.82 0.92 0.92 0.97 0.99 0.93 
Min 0.20 0.64 0.72 0.74 0.75 0.75 0.75 






Appendix 4: Data tables for 6.3.2 graphs of “ρiw by _ Week Time Horizon” 
Figure 14: ρiw value at the end of each 2 week shift using objective Aw + Bw 
Nurse # rho 0 rho 1 rho 2 rho 3 rho 4 rho 5 rho 6 
Nurse 1 0.97 0.71 0.63 0.61 0.60 0.60 0.60 
Nurse 2 0.93 0.59 0.49 0.46 0.45 0.45 0.45 
Nurse 3 0.92 0.52 0.40 0.37 0.35 0.35 0.35 
Nurse 4 0.92 0.87 0.86 0.85 0.85 0.85 0.85 
Nurse 5 0.86 0.61 0.53 0.51 0.50 0.50 0.50 
Nurse 6 0.84 0.53 0.44 0.41 0.40 0.40 0.40 
Nurse 7 0.82 0.53 0.44 0.41 0.40 0.40 0.40 
Nurse 8 0.8 0.52 0.44 0.41 0.40 0.40 0.40 
Nurse 9 0.68 0.55 0.52 0.50 0.50 0.50 0.50 
Nurse 10 0.63 0.54 0.51 0.50 0.50 0.50 0.50 
Nurse 11 0.59 0.88 0.96 0.99 1.00 1.00 1.00 
Nurse 12 0.51 0.47 0.46 0.45 0.45 0.45 0.45 
Nurse 13 0.51 0.47 0.46 0.45 0.45 0.45 0.45 
Nurse 14 0.43 0.48 0.49 0.50 0.50 0.50 0.50 
Nurse 15 0.41 0.54 0.58 0.59 0.60 0.60 0.60 
Nurse 16 0.4 0.37 0.35 0.35 0.35 0.35 0.35 
Nurse 17 0.4 0.82 0.95 0.98 1.00 1.00 1.00 
Nurse 18 0.38 0.67 0.76 0.79 0.80 0.80 0.80 
Nurse 19 0.25 0.39 0.43 0.44 0.45 0.45 0.45 
Nurse 20 0.2 0.59 0.70 0.74 0.75 0.75 0.75 
Average 0.62 0.60 0.53 0.50 0.50 0.50 0.50 
Objective 0 1.54922 1.53715 1.53353 1.53244 1.53211 1.53202 
Max 0.97 0.87 0.86 0.85 0.85 0.85 0.85 
Min 0.20 0.52 0.40 0.37 0.35 0.35 0.35 
Difference 0.77 0.35 0.46 0.49 0.50 0.50 0.50 
 
Figure 16: ρiw value at the end of each 2 week shift assignment; objective Aw + Cw and 20 nurses 
Nurse # rho 0 rho 1 rho 2 rho 3 rho 4 rho 5 rho 6 
Nurse 1 0.97 0.43 0.83 0.39 0.82 0.38 0.82 
Nurse 2 0.93 0.49 0.85 0.39 0.82 0.39 0.82 
Nurse 3 0.92 0.42 0.47 0.39 0.47 0.38 0.47 
Nurse 4 0.92 0.77 0.47 0.74 0.47 0.73 0.47 
Nurse 5 0.86 0.61 0.67 0.55 0.66 0.55 0.65 
Nurse 6 0.84 0.53 0.54 0.58 0.56 0.59 0.56 
Nurse 7 0.82 0.53 0.44 0.52 0.43 0.52 0.43 
Nurse 8 0.8 0.52 0.44 0.45 0.41 0.44 0.41 
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Nurse 9 0.68 0.55 0.55 0.52 0.54 0.51 0.54 
Nurse 10 0.63 0.47 0.49 0.43 0.44 0.48 0.42 
Nurse 11 0.59 0.70 0.35 0.81 0.38 0.81 0.38 
Nurse 12 0.51 0.50 0.47 0.42 0.48 0.42 0.48 
Nurse 13 0.51 0.57 0.56 0.66 0.51 0.64 0.51 
Nurse 14 0.43 0.51 0.85 0.54 0.86 0.54 0.86 
Nurse 15 0.41 0.82 0.46 0.84 0.46 0.84 0.46 
Nurse 16 0.4 0.54 0.65 0.55 0.65 0.55 0.65 
Nurse 17 0.4 0.82 0.39 0.82 0.38 0.82 0.38 
Nurse 18 0.38 0.81 0.63 0.78 0.62 0.78 0.62 
Nurse 19 0.25 0.60 0.46 0.49 0.50 0.43 0.51 
Nurse 20 0.2 0.45 0.83 0.50 0.85 0.50 0.85 
Average 0.62 0.53 0.58 0.49 0.56 0.50 0.56 
Objective 0 1.19057 1.2059 1.2151 1.21254 1.21664 1.21335 
Max 0.97 0.77 0.85 0.74 0.82 0.73 0.82 
Min 0.20 0.42 0.44 0.39 0.41 0.38 0.41 
Difference 0.77 0.35 0.41 0.35 0.40 0.35 0.40 
 
Figure 18: ρiw value at the end of each 1 week shift assignment with objective Aw + Cw 
Nurse # rho 0 rho 1 rho 2 rho 3 rho 4 rho 5 rho 6 rho 7 rho 8 rho 9 rho 10 rho 11 rho 12 
Nurse 1 0.97 0.43 0.83 0.39 0.82 0.38 0.82 0.38 0.82 0.38 0.82 0.38 0.82 
Nurse 2 0.93 0.42 0.83 0.39 0.82 0.38 0.82 0.38 0.82 0.38 0.82 0.38 0.82 
Nurse 3 0.92 0.42 0.47 0.28 0.78 0.38 0.46 0.28 0.78 0.38 0.46 0.28 0.78 
Nurse 4 0.92 0.77 0.58 0.66 0.55 0.65 0.55 0.65 0.55 0.65 0.55 0.65 0.55 
Nurse 5 0.86 0.61 0.67 0.55 0.66 0.55 0.65 0.55 0.65 0.55 0.65 0.55 0.65 
Nurse 6 0.84 0.67 0.62 0.61 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 
Nurse 7 0.82 0.53 0.44 0.55 0.45 0.48 0.43 0.55 0.44 0.48 0.42 0.55 0.44 
Nurse 8 0.8 0.52 0.44 0.48 0.49 0.43 0.48 0.42 0.48 0.49 0.43 0.48 0.49 
Nurse 9 0.68 0.48 0.50 0.43 0.62 0.47 0.49 0.43 0.62 0.47 0.49 0.43 0.62 
Nurse 10 0.63 0.47 0.49 0.43 0.83 0.53 0.44 0.48 0.84 0.53 0.44 0.48 0.84 
Nurse 11 0.59 0.88 0.40 0.82 0.39 0.82 0.38 0.82 0.38 0.82 0.38 0.82 0.38 
Nurse 12 0.51 0.50 0.43 0.48 0.49 0.50 0.43 0.48 0.49 0.43 0.48 0.42 0.48 
Nurse 13 0.51 0.64 0.47 0.63 0.47 0.63 0.47 0.63 0.47 0.63 0.47 0.63 0.47 
Nurse 14 0.43 0.55 0.86 0.54 0.44 0.55 0.87 0.54 0.44 0.55 0.87 0.54 0.44 
Nurse 15 0.41 0.82 0.39 0.82 0.38 0.82 0.38 0.82 0.38 0.82 0.38 0.82 0.38 
Nurse 16 0.4 0.47 0.63 0.54 0.51 0.50 0.64 0.54 0.51 0.50 0.64 0.54 0.51 
Nurse 17 0.4 0.82 0.39 0.82 0.38 0.82 0.38 0.82 0.38 0.82 0.38 0.82 0.38 
Nurse 18 0.38 0.81 0.59 0.88 0.61 0.88 0.62 0.88 0.62 0.88 0.62 0.88 0.62 
Nurse 19 0.25 0.43 0.55 0.44 0.55 0.45 0.55 0.45 0.55 0.45 0.55 0.45 0.55 
Nurse 20 0.2 0.41 0.82 0.60 0.46 0.49 0.85 0.60 0.46 0.49 0.85 0.60 0.46 

























12 Max 0.97 .88 0.86 0.88 0.83 0.88 0.87 0.88 0.84 0.88 0.87 0.88 0.84 
Min 0.20 0.41 0.39 0.28 0.38 0.38 0.38 0.28 0.38 0.38 0.38 0.28 0.38 
Differenc
e 
0.77 0.47 0.48 0.60 0.44 0.51 0.48 0.61 0.46 0.51 0.48 0.61 0.46 
 
Figure 20: ρiw value at the end of each 2 week shift assignment; objective Aw + Cw and α = 0.3 
Nurse # rho 0 rho 1 rho 2 rho 3 rho 4 rho 5 rho 6 
Nurse 1 0.97 0.78 0.65 0.56 0.62 0.54 0.68 
Nurse 2 0.93 0.76 0.59 0.67 0.57 0.61 0.52 
Nurse 3 0.92 0.75 0.63 0.55 0.52 0.47 0.58 
Nurse 4 0.92 0.90 0.88 0.87 0.70 0.75 0.63 
Nurse 5 0.86 0.71 0.64 0.63 0.70 0.64 0.67 
Nurse 6 0.84 0.71 0.62 0.55 0.51 0.47 0.45 
Nurse 7 0.82 0.66 0.58 0.53 0.49 0.49 0.47 
Nurse 8 0.8 0.68 0.60 0.54 0.50 0.47 0.48 
Nurse 9 0.68 0.60 0.57 0.55 0.50 0.50 0.59 
Nurse 10 0.63 0.56 0.51 0.48 0.49 0.46 0.47 
Nurse 11 0.59 0.67 0.77 0.72 0.59 0.71 0.67 
Nurse 12 0.51 0.49 0.48 0.49 0.47 0.48 0.46 
Nurse 13 0.51 0.61 0.64 0.55 0.69 0.54 0.63 
Nurse 14 0.43 0.47 0.49 0.49 0.60 0.54 0.50 
Nurse 15 0.41 0.53 0.55 0.56 0.62 0.61 0.53 
Nurse 16 0.4 0.51 0.53 0.55 0.60 0.60 0.57 
Nurse 17 0.4 0.54 0.67 0.77 0.65 0.75 0.75 
Nurse 18 0.38 0.51 0.59 0.66 0.62 0.68 0.73 
Nurse 19 0.25 0.33 0.38 0.41 0.45 0.47 0.45 
Nurse 20 0.2 0.37 0.48 0.56 0.69 0.71 0.62 
Average 0.62 0.71 0.63 0.59 0.56 0.54 0.55 
Objective 0 1.16336 1.18905 1.19498 1.19649 1.20265 1.19994 
Max 0.97 0.90 0.88 0.87 0.70 0.75 0.68 
Min 0.20 0.56 0.51 0.48 0.49 0.46 0.45 
Difference 0.77 0.34 0.37 0.40 0.22 0.29 0.22 
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Appendix 6: Objective Aw + Bw with a 1 week scheduling period results 
Time-Weighted Satisfaction Scores data table: 
 
Nurse # rho 0 rho 1 rho 2 rho 3 rho 4 rho 5 rho 6 rho 7 rho 8 rho 9 rho 10 rho 11 rho 12 
Nurse 1 0.97 0.64 0.54 0.51 0.29 0.23 0.21 0.20 0.20 0.20 0.20 0.20 0.20 
Nurse 2 0.93 0.42 0.27 0.22 0.56 0.66 0.69 0.70 0.70 0.70 0.70 0.70 0.70 
Nurse 3 0.92 0.42 0.26 0.22 0.21 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
Nurse 4 0.92 0.77 0.72 0.71 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
Nurse 5 0.86 0.61 0.53 0.51 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
Nurse 6 0.84 0.67 0.62 0.61 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 
Nurse 7 0.82 0.53 0.44 0.41 0.47 0.49 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
Nurse 8 0.8 0.52 0.44 0.41 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 
Nurse 9 0.68 0.48 0.43 0.41 0.54 0.58 0.59 0.60 0.60 0.60 0.60 0.60 0.60 
Nurse 10 0.63 0.54 0.51 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
Nurse 11 0.59 0.88 0.96 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Nurse 12 0.51 0.43 0.41 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 
Nurse 13 0.51 0.64 0.68 0.69 0.35 0.24 0.21 0.20 0.20 0.20 0.20 0.20 0.20 
Nurse 14 0.43 0.55 0.58 0.60 0.46 0.42 0.41 0.40 0.40 0.40 0.40 0.40 0.40 
Nurse 15 0.41 0.82 0.95 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Nurse 16 0.4 0.26 0.22 0.21 0.41 0.47 0.49 0.50 0.50 0.50 0.50 0.50 0.50 
Nurse 17 0.4 0.82 0.95 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Nurse 18 0.38 0.81 0.94 0.98 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Nurse 19 0.25 0.43 0.48 0.49 0.43 0.41 0.40 0.40 0.40 0.40 0.40 0.40 0.40 

















































































































































1 2 3 4 5 6 7 8 9 10 11 12 
Nurse 1 0.5 0.5 0.5 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Nurse 2 0.2 0.2 0.2 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
Nurse 3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Nurse 4 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
Nurse 5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
Nurse 7 0.4 0.4 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 8 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
Nurse 9 0.4 0.4 0.4 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
Nurse 10 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 11 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 12 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
Nurse 13 0.7 0.7 0.7 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Nurse 14 0.6 0.6 0.6 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
Nurse 15 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 16 0.2 0.2 0.2 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Nurse 17 1 1 1 1 1 1 1 1 1 1 1 1 
Nurse 18 1 1 1 1 1 1 1 1 1 1 1 1 








1 2 3 4 5 6 7 8 9 10 11 12 13
Time-Weighted Satisfaction Level
Nurse 1 Nurse 2 Nurse 3 Nurse 4 Nurse 5 Nurse 6 Nurse 7
Nurse 8 Nurse 9 Nurse 10 Nurse 11 Nurse 12 Nurse 13 Nurse 14
Nurse 15 Nurse 16 Nurse 17 Nurse 18 Nurse 19 Nurse 20
